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Abstract 
Others have shown that strong meridional gradients in potential vorticity at the 
edges of the polar vortices can present a quasi-permeable barrier to isentropic 
mixing. Recent research (Chen et al., 1995) has also suggested the possibility of a 
barrier to transport at the equator. In this thesis the effects of possible transport 
barriers and related mixing processes are studied using water vapour and ozone 
mixing ratio data from the Microwave Limb Sounder and assimilated-wind data 
from the UK Met-Office. 
Interhemispheric differences in the zonal mean of water vapour mixing ratios are 
studied on equivalent latitude. Results indicate that the southern vortex of late-
winter 1992 was fairly well contained at 530K, and not acting like a "flowing 
processor". The northern vortex of late-winter 1993 also appears to have been 
well contained, but a significant amount of air appears to have been mixing across 
the edge of the northern vortex of late-winter 1992. The southern vortex of late-
winter 1992 is shown to contain significant internal structure in the lower and 
middle stratosphere, unlike the northern vortices which appear well mixed. 
The evolution of the southern vortex is studied over the 35 days of observations 
available during southern late-winter. The structure inside the southern vortex in 
the lower and middle stratosphere degrades almost completely over this period. 
There is a significant change in the difference between the average mixing ratios 
in mid-latitudes and those of the vortex mixing in the middle-upper stratosphere. 
This is interpreted as being due to mixing of mid-latitude air into the vortex, on 
a timescale with an upper bound of -'50-70 days. 
The variation of the meridional gradient in PV at the equator is studied, and 
compared with the variation of zonal wind and water vapour mixing ratio. The 
strength of meridional gradients in PV at the equator is shown to be directly 
related to the meridional shear in zonal wind, as modulated by the QBO. In 
the upper stratosphere, meridional PV gradients at the equator are related to 
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SAO winds. Significant cross-equatorial differences in the signal of the "tropical 
tape-recorder" are revealed in water vapour mixing ratios. These cross-equatorial 
differences indicate there may be significant inhibition of mixing across the equa-
tor, but they are not obviously dependent on the strength of the meridional PV 
gradient. 
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Chapter 1 
Introduction 
1.1 General Introduction 
The aim of this thesis is to study some of the effects strong meridional gradients in 
potential vorticity have on transport and mixing in the stratosphere, using tracer 
measurements from the Microwave Limb Sounder (MLS) and United Kingdom 
Met. Office (UKMO) assimilated wind data. Potential vorticity is a dynamical 
quantity related to shear and rotation in horizontal winds, and it is conserved 
for air moving along isentropic surfaces. Strong meridional gradients in potential 
vorticity are widely believed to act as quasi-permeable barriers to mixing of air, 
mainly due to the inhibition of wave breaking, and there is strong evidence for 
this at the edges of the polar vortices. 
In chapter 4 of this thesis, the containment of air inside the polar vortices is 
tested using measurements of water vapour mixing ratios in the stratosphere made 
by MLS. Zonal means of water vapour mixing ratio for the two hemispheres in 
late-winter, are compared on equivalent latitude. The level of mixing inside the 
vortices, and the evolution of the Antarctic vortex over a thirty-day period in 
late-winter are studied in chapters 4 and 5, using MLS water vapour and ozone 
mixing ratios on equivalent latitude. 
Chen et al. (1994) highlighted the possible importance of strong meridional gradi-
ents in PV at the equator. They reported modelling studies which indicated the 
strength of PV gradients at the equator could affect the rate of mixing between 
the two hemispheres. In chapter 6, the evolution of the meridional gradients in 
PV at the equator over a two and a half year period is studied for the first time. 
1 
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The evolution of the PV gradients is compared with the evolution of zonal winds 
and cross-equatorial differences in mixing ratios of water vapour. 
Before the details of this research are described, it is necessary to give a summary 
of relavent theory and recent research. The rest of this chapter features descrip-
tions of the general circulation and dynamics of the stratosphere, including the 
effects of waves, the roles of barriers to transport, and the importance of the polar 
vortices. The effects of circulation and mixing on the distribution of water vapour 
in the stratosphere are described, as well as the history of water vapour measure-
ment, and the importance of water vapour in the polar vortices. The principles 
and operation of MLS and the UARS satellite, and the validation of MLS mea-
surements of tracer mixing ratios are described in chapter 2. The use of UKMO 
assimilated wind data, and its application to the calculation of potential vorticity 
and equivalent latitude are described in chapter 3. 
1.2 General Stratospheric dynamics 
1.2.1 General circulation of the stratosphere 
Brewer (1949) measured water vapour mixing ratios in the mid-latitudes of the 
lower stratosphere using a balloon-mounted frost-point hygrometer. The results 
indicated that the stratosphere was strongly dehydrated in comparison to the 
troposphere. Brewer (1949) reasoned that air could only be crossing from the 
troposphere into the stratosphere in the tropical region, since this is the only 
region where the tropopause is high enough for make tropopause temperatures 
low enough to "freeze dry" rising air. Dobson (1956) used this single-cell model 
to explain the high ozone mixing ratios found over the winter poles in the lower 
stratosphere, the region of highest photochemical production of ozone being in the 
tropics. 
This model of stratospheric circulation has become known as the "Brewer-Dobson 
circulation". It describes the transport of tracer in the stratosphere, with ascent 
from the tropical tropopause, wave-driven polewards motion in the upper and mid-
dle stratosphere, with descent at the poles. This circulation is a Lagrangian mean 
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motion, and is approximately equivalent to the "diabatic circulation" (Dunkerton, 
1978). It represents the net mass-flux of air, rather than the Eulerian mean flux. 
Holton (1990) found an annual cycle in the upward mass-flux of air across the 
tropical tropopause. Strongest upward mass-flux occurs during northern winter 
and weakest upward mass-flux occurs during northern summer. Similar cycles 
have been found in ozone mixing ratios in the tropical lower stratosphere, the 
temperature of the tropical tropopause and tropical lower stratosphere, and water 
vapour mixing ratio in the tropical stratosphere (see section 1.3). These other 
cycles can be directly linked to the variation in upward mass-flux. 
The annual cycle in upward mass-flux across the tropopause may be the result 
of a remote forcing. Yulaeva et al. (1994) suggested that the interhemispheric 
differences in planetary wave activity outside the tropics (see section 1.2.2, and 
figure 1-3) could be the cause of the annual cycle. 
This view is supported by Rosenlof (1995) who used a radiative transfer model, 
with UARS data as input, to model the transformed Eulerian mean circulation, 
which is a proxy for the Lagrangian-mean circulation. Rosenlof (1995) shows that 
--60% of the January-July difference in net upward mass flux in the tropics can 
be accounted for by the interseasonal difference in the amount of zonal forcing by 
planetary waves in the northern hemisphere. 
1.2.2 Planet ary-Rossby waves 
Properties of planetary waves 
Rossby waves are waves in the PV field on an isentropic surface. When a PV 
contour is displaced meridionally this induces a meridional restoring force which 
accelerates the PV contour towards and then past its original latitude. This creates 
a wave which propagates zonally along an isentropic surface. 
Forced Rossby waves are excited in the troposphere by orography, diabatic heating, 
or by interactions of other wave modes. Because the northern hemisphere has a 
more complicated orography, Rossby-wave activity there is generally greater than 
in the southern hemisphere. Vertical propagation of Rossby waves is quite slow, on 
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the order of a few centimetres per second (McIntyre, 1992). For stationary waves 
vertical propagation can only occur through regions where the mean zonal wind 
is westerly and below a critical value, u. The value of u decreases rapidly with 
decreasing zonal and meridional wave-scale which prevents smaller scale waves 
from reaching the stratosphere (Charney and Drazin, 1961). Therefore only large-
scale waves can propogate into the stratosphere. 
The largest part of the wave variance is made up of stationary waves, but there 
are also significant contributions from waves with westerly phases speeds of up to 
30ms', and waves with easterly phase speeds of below lOms' (Bowman, 1996). 
Since stationary waves cannot propagate vertically through easterly winds, most 
Rossby-waves do not ascend beyond the lower stratosphere during summer. 
Planetary-wave breaking 
McIntyre and Palmer (1983) demonstrated that breaking planetary waves have 
a major impact on the dynamics of the stratosphere. They produced PV maps 
on isentropic surfaces from standard meteorological data. These PV maps show 
tongues of material being drawn off the Arctic vortex during the buildup to a 
major warming event. This erosion of the vortex is believed to be caused by wave-
breaking events. Randel et al. (1993) showed evidence in water vapour mixing ratio 
measured by MLS (version 3), nitrous oxide measured by CLAES, and UKMO-
derived PV, that wave-breaking events are responsible for transporting air between 
the tropics and mid-latitudes of the winter hemisphere. Figure 1-1 shows one of 
the events reported by Randel et al. (1993), but in version 4 of MLS water vapour 
mixing ratios. A tongue of tropical air of low water vapour mixing ratio can be 
seen extending deep into mid-latitudes. Waugh (1993) uses a contour advection 
technique to show material ejected from the tropics becoming entrained with a 
tongue of air extending from the edge of the Antarctic vortex. 
Strong wave-breaking in the mid-latitudes of the winter hemisphere creates a re-
gion of low meridional gradients in PV and tracer mixing ratio, known as the "surf 
zone" (McIntyre and Palmer, 1983). Rossby waves tend to break at their critical 
lines, where the phase speed relative to the ground is equal to the zonal wind speed 
(Randel and Held, 1991). When the phase speed is equal to the zonal wind speed, 
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Figure 1-1: Isopleths of water vapour mixing ratio, as measured by MLS (version 
4), at 1100 K on 8th September 1992. 
air parcels are stationary with respect to the phase of the wave. The air parcels 
can then be carried meridionally by the wave, rather than oscillating meridionally 
as the wave passes. Bowman (1996) shows that mixing in specific latitude zones 
is reduced when waves which have phase speeds close to the zonal wind speed in 
the latitude zone are filtered out of analyzed wind data. 
Breaking planetary waves are believed to be responsible for the sudden warmings of 
high latitudes during spring (Matsuno, 1971). The northern hemisphere is subject 
to a greater quantity of sudden warmings, and more severe sudden warmings, 
because of the greater Rossby-wave activity in the northern hemisphere. Bowman 
(1996) suggest that the strength of the mixing barrier at the vortex edge can be 
interpreted as being due to the lack of waves with phase speeds comparable to 
the speed of the polar night jet. Because of the greater instability of the northern 
vortex, the speed of the polar night jet in the northern hemisphere is normally 
slower than that in the southern hemisphere. Therefore the northern vortex is 
also more vulnerable to disturbance by Rossby-waves. The northern vortex may 
also be more likely to be penetrated by Rossby-waves than the southern vortex, 
causing more internal mixing inside the northern vortex (Manney et al., 1994b). 
Chapter 1. Introduction 
1.2.3 Buoyancy waves 
Buoyancy waves, also known as gravity waves, are vertical oscillations of potential 
temperature surfaces. The are several different categories of buoyancy wave. Four 
of the most important are internal gravity waves, inertia-gravity waves, Kelvin 
waves and Rossby-gravity waves. 
Internal gravity waves are relatively small scale waves, with horizontal wavelengths 
of the order of tens to hundreds of kilometres (Andrews et al., 1987). They are also 
rapidly oscillating waves, with a high vertical propagation rate, and can propagate 
between the troposphere and mesosphere in a few hours. They are efficient at 
transporting momentum and angular momentum from the troposphere to higher 
altitudes. 
As internal gravity waves propagate vertically, their amplitudes grow with altitude. 
This effect is limited by the reversibility of deformation of material contours, and 
if the waves reach the upper mesosphere they break and dissipate their energy as 
the wavefront becomes non-linear. Most internal gravity waves are generated by 
the flow of air over orography, and therefore typically have zero phase speed. As 
with planetary waves, see section 1.2.2, gravity waves tend to break at their critical 
lines, where the zonal wind speed equals the phase speed of the wave. Typical 
profiles of zonal wind in the summer hemisphere will lead to gravity waves being 
trapped under a zero wind layer at "-'30km. In the winter hemisphere the prevalent 
westerlies allow gravity waves to propagate all the way to the upper mesosphere. 
Inertia-gravity waves have larger scale and lower frequencies than internal grav -
ity waves. They can have horizontal wavelengths of over a thousand kilometres. 
Inertia-gravity waves are products of both coriolis and buoyancy forces, and in-
clude tidally forced modes. They are not as important as internal gravity waves 
for the vertical transport of momentum. 
Kelvin waves are similar to internal gravity waves but they are confined to the 
equator, and have a zero meridional velocity. They have a relatively long period, 
—10-20 days, and propagate only in an eastward (westerly) direction relative to 
the zonal wind. Kelvin waves are believed to be forced by geographically confined 
time variations in the large scale convective heating by cumulus clouds in the 
Chapter 1. Introduction 	 7 
equatorial troposphere (Andrews et al., 1987). Canziani et al. (1994) observed 
Kelvin waves in discrete frequency bands in MLS ozone and temperature data. 
Kelvin waves may have an important role in forcing the westerly phase of the semi-
annual oscillation in the upper stratosphere and mesosphere, see section 1.2.5, and 
a role in the forcing of the westerly phase of the QBO (quasi-biennial oscillation), 
see section 1.2.4. 
Rossby-gravity waves are also buoyancy waves which are trapped near the equator 
and have wavelengths of a similar order to Kelvin waves (Andrews et al., 1987). 
Rossby-gravity waves are different from Kelvin waves in that they have a non-zero 
meridional velocity, their solutions propagate westward relative to the mean flow 
rather than eastward relative to the mean flow, and they have smaller amplitudes 
than Kelvin waves (Andrews et al., 1987). Rossby-gravity waves may have an 
important role in forcing the easterly phase of the QBO, see section 1.2.4. 
1.2.4 The Quasi-Biennial Oscillation 
The quasi-biennial oscillation (QBO) was discovered independently by Reed et al. 
(1961) and Veryard and Ebdon (1961) using rocketsonde measurements. It is a 
cycle in the direction of the zonal wind at the equator in the lower and middle 
stratosphere, with an average period of '—'27months. The period of oscillation can 
be highly variable, in a range of about 22 to 34 months. It is therefore hard to 
ascribe the oscillation to the direct consequences of seasonal or annual variations 
in the atmosphere and the solar input. 
The QBO consists of alternating periods of easterly and westerly wind at the 
equator. These alternate wind patterns propagate downwards from the middle 
stratosphere, giving periods of alternating easterly and westerly vertical shear. 
The successive westerly and easterly phases propagate downwards at about 1km 
month'. The results of Dunkerton and Delisi (1985) show there are significant 
differences in the behaviour of the easterly and westerly phases of the QBO. The 
westerly phase tends to descend more rapidly than the easterly phase. Westerly 
accelerations are therefore stronger than easterly accelerations in the regions of 
strong vertical shear between the phases. Westerly accelerations appear first at 
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the equator, whereas easterly accelerations occur fairly evenly in latitude range of 
up to 5° either side of the equator. 
Holton and Lindzen (1972) proposed that the QBO was actually caused by the 
interaction of two types of gravity wave (see section 1.2.3) with the mean flow in 
the tropics. Vertically propagating gravity waves would rise until they reached 
their critical lines, where they would break, dumping momentum at this height, 
and changing the vertical profile of zonal wind. This results in descending fronts 
of alternating westerly and easterly winds, with a period similar to that found in 
the real atmosphere. 
The differences in the behaviour of the two phases of the QBO are explained to 
some extent by the theory of Holton and Lindzen (1972), which encompasses the 
different effects of both Kelvin waves and Rossby-gravity waves in the tropics. 
As discussed in section 1.2.1, both Kelvin and Rossby-gravity waves are confined 
close to the equator. Kelvin waves propagate eastwards (westerly) relative to the 
mean flow, and Rossby-gravity waves propagate westwards (easterly) relative to 
the mean flow. Kelvin waves are preferentially damped in westerly shear zones, 
and Rossby-gravity waves are preferentially damped in easterly shear zones (An-
drews et al., 1987). Therefore Kelvin waves would be responsible for the westerly 
acceleration of the zonal wind in the QBO and Rossby-gravity waves would be re-
sponsible for the easterly acceleration of the zonal wind in the QBO. The different 
characteristics of these two forms of gravity wave go some way to accounting for 
the differences in the behaviour of the two phases of the QBO (Andrews et al., 
1987). 
There is a secondary, meridional circulation associated with both phases of the 
QBO (Plumb and Bell, 1982). During the period of westerly vertical shear there 
is sinking motion at the equator and rising motion in the subtropics, balanced by 
polewards (equatorwards) motion at the bottom (top) part of the shear zone. Dur-
ing the period of easterly vertical shear this secondary circulation is reversed, with 
rising motion at the equator and sinking motion in the subtropics. The effects of 
these circulations on tracer distributions are clearly shown in MLS measurements 
of ozone in the tropical region of the lower stratosphere (Froideváux et al., 1994). 
Some studies have indicated that the phase of the QBO affects the strength of the 
polar vortices (Buchart and Austin, 1996). 
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1.2.5 The Semi-Annual Oscillation 
Description 
The semi-annual oscillation (SAO) is an oscillation in the direction of the zonal 
wind in the upper stratosphere and mesosphere in the tropics, with a period of six 
months. It was discovered by Reed (1965) in rocket sonde measurements of zonal 
wind and temperature in the upper stratosphere. The SAO is an important feature 
of the middle atmosphere because it is the most significant source of variation in the 
tropics above 30km. Hirota (1978) showed that the SAO consists of two separate 
oscillations, one centred at the stratopause and one centred at the mesopause, 
with a minimum in amplitude between the two oscillations at ''.'65km. There is an 
approximate three month phase difference between the two oscillations. The rest 
of the discussion in this section will focus on the SAO centred at the stratopause. 
The SAO cycle at the stratopause consists of easterly winds during solsticial pe-
riods and westerly winds during equinoctial periods. The first cycle of the year, 
with easterly winds during the northern winter and westerly winds during north-
ern spring, is normally stronger than the second cycle of the year (Ray et al., 
1996). The two phases of the SAO behave differently. The easterly phase appears 
almost simultaneously from the middle stratosphere to the lower mesosphere. The 
westerly phase tends to start in the mesosphere, and takes up to two months to 
descend right into the stratosphere (Ray et al., 1996). 
Wave driving of the SAO 
The difference in behaviour of the westerly and easterly phases of the SAO suggest 
that the westerly and easterly accelerations have seperate causes. The westerly 
acceleration is believed to be due to rapid propagation of Kelvin and gravity 
waves (see section 1.2.3) into the upper stratosphere. The breaking of these waves 
produces a strong transfer of westerly zonal momentum to the upper stratosphere 
(Hitchman and Leovy, 1986). Because the easterly acceleration occurs virtually 
simultaneously over a wide altitude range it is believed to be due to a meridional 
transfer of easterly momentum. This may occur due to a combination of lateral 
momentum transfer by planetary waves in the winter hemisphere, and meridional 
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advection of summer easterlies across the equator from the summer hemisphere 
(Ray et al., 1996). 
The possible role of planetary waves helps explain why the first SAO cycle of the 
year is normally the strongest. Planetary wave activity in winter is stronger in 
the northern hemisphere than in the southern hemisphere, see section 1.2.2. The 
breaking of Kelvin waves depends on the zonal wind speed (see section 1.2.3). The 
stronger easterly winds in the first SAO cycle of the year may therefore cause a 
stronger westerly forcing by Kelvin waves during the first equinoctial period of the 
year (Gray and Pyle, 1986). 
The role of the SAO in the "Double Peak" 
Jones and Pyle (1984) observed a "double peak" structure in SAMS observations 
of nitrous oxide mixing ratios in March to May 1979. They also observed a similar, 
but weaker, structure in November 1979. Russell III et al. (1984) observed similar 
structures in LIMS water vapour mixing ratio data. The "double peak" takes the 
form of a local minimum in nitrous oxide mixing ratio at the equator in the middle 
stratosphere, flanked by two local maxima in mixing ratio in the subtropics. 
In the zonal mean of water vapour mixing ratio the "double peak" is actually 
a double minimum in the middle stratosphere flanking a local maximum at the 
equator. An example of this form is shown for MLS version 4 measurements in 
figure 1-2. In this figure the mid-stratospheric double peak is clearly visible in the 
4.5 ppmv isopleth at lOhPa in the tropics. Other features in this plot, such as the 
local minimum in mixing ratio over the equator at 22hPa, and the local maximum 
in mixing ratio in the high latitudes of the southern hemisphere will be discussed 
later in this chapter, and in chapters 4 and 5. 
The "double peak" appears to be due to slow ascent or descent at the equator, with 
more rapid ascent in the subtropics. Gray and Pyle (1986) show this feature could 
be reproduced in a two-dimensional atmospheric model, which featured a forced 
SAO at the equator in the upper stratosphere. They showed that the meridional 
circulation expected in association with the westerly phase of the SAO could cause 
the pattern observed by Jones and Pyle (1984) and Russell III et al. (1984). 
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Figure 1-2: Zonal mean of water vapour mixing ratio measured by MLS (version 
4) on 24th March 1992 
The expected meridional circulation due to the SAO involves net descent at the 
equator and net ascent in the subtropics of both hemispheres, during the westerly 
phase, which occurs in the equinoctial season. The stronger double peak during 
northern spring can be explained by the possible stronger westerly forcing by 
Kelvin waves during the westerly phase of the first SAO cycle. This stronger 
Kelvin wave forcing may be due to the interaction of Kelvin waves with the stronger 
easterly zonal wind which occurs during northern winter, as described above. 
1.2.6 Barriers to Transport 
The vortex edge 
A large amount of evidence has accumulated that large meridional gradients in PV 
at the edges of the polar vortices strongly inhibit Rossby wave breaking (McIntyre, 
1989). Model predictions of sharp gradients in trace gas mixing ratios at the 
edge of both northern and southern vortices by Juckes and McIntyre (1987) were 
confirmed by aircraft measurements made during the AAOE and AASE missions 
(Loewenstein et al., 1989; Loewenstein et al., 1990). 
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The large meridional gradients in PV at the edge of the vortices are believed to 
act as a powerful restoring mechanism for Rossby waves (Juckes and McIntyre, 
1987), suppressing the eddy transport of air from the surrounding surf zone into 
the vortex (McIntyre, 1992). Poleward flow in mid-latitudes stops at the vortex 
edge, where the air descends (Schoeberl et al., 1992). There has been recent debate 
about the extent to which the winter vortex is isolated in the lower stratosphere, 
which is discussed in section 1.2.7. 
The subtropics 
There is increasing evidence that there are barriers to meridional mixing in the 
sub-tropics of both hemispheres. It has long been known that radioactive material 
from nuclear tests in the tropics spreads out of the tropical region surprisingly 
slowly (Feely and Spar, 1960). The strong signal of the QBO in tropical winds 
indicates that strong Rossby-wave mixing does not reach into the tropics. Trepte 
and Hitchman (1992) showed that the tropics acted as a temporary reservoir for 
volcanic aerosol entering the stratosphere from tropical eruptions. Several studies 
have shown that there are sharp gradients in tracers in the subtropics (Randel et 
al., 1993; Trepte and Hitchman, 1992; Grant et al., 1996). 
Grant et al. (1996) show that the boundary of the tropical reservoir is narrow in the 
winter hemisphere and broad in the summer hemisphere. This effect is probably 
due to the seasonal variation in Rossby wave activity, with the mixing caused by 
breaking Rossby waves giving rise to a sharpening of the poleward side of the 
boundary in the winter hemisphere. Haynes and McIntyre (1987) suggested that 
there may be a potential vorticity barrier to transport from the tropical reservoir. 
The effect of such a barrier on global stratospheric transport is modelled by Plumb 
(1996). 
A possible barrier to meridional transport at the equator 
The possibility of a PV barrier to meridional transport at the equator was first 
suggested by McIntyre (quoted in (Hoskins, 1991)), although there was no evidence 
for it at the time. Chen et al. (1994) observed strong tracer gradients in the 
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equatorial region in a semi-lagrangian transport model. Their model used UKMO 
assimilated winds to advect an idealised tracer. Chen et al. (1994) found that 
at 400K there was a significant barrier to cross-equatorial transport during the 
northern summer of 1992, but not during the northern winter of 1992-3. The 
transport barrier in the northern summer of 1992 coincided with high meridional 
PV gradients at the same height in UKMO data. A further study by Chen et 
al. (1995) showed that UKMO data show a strong PV barrier to transport at the 
equator at 400K during the northern summer of 1993. 
Other results also suggest the presence of a barrier to meridional transport at the 
equator in the lower stratosphere. SAGE II measurements of the Mt.Pinatubo 
aerosol plume reported by Trepte et al. (1993) indicate there was a strong inter-
hemispheric difference in aerosol loading. Much more aerosol was observed in the 
northern hemisphere than in the southern hemisphere in the months immediately 
following the eruption in June 1991. A model of the evolution of the Mt.Pinatubo 
plume by Douglas (1997) using the UGAMP global-atmospheric model also in-
dicates that there is a barrier to cross equatorial transport. A modelling study 
of the transport of Carbon-14 from atmospheric nuclear testing in the northern 
hemisphere in the 1960s by Kinnison et al. (1994) shows much higher levels of 
carbon-14 in the northern hemisphere than in the southern hemisphere, with high 
gradients near the equator. 
1.2.7 Descent and mixing in the polar vortices 
The winter vortices at the poles are sites of inhomogeneous destruction of ozone 
by halogen chemistry, the so-called ozone holes. The issues of how much air flows 
down inside the vortex, and how much air crosses the edge of the vortex are very 
important in relation to the possible global impact of polar ozone depletion. If 
large amounts of air are coming into contact with the zone of rapid depletion of 
ozone inside the Antarctic vortex in the lower stratosphere, this may have severe 
consequences for future ozone levels at all latitudes. The possibility that ozone-
depleting chemistry may become more active in the Arctic vortex means it is 
important these issues are considered for the Arctic vortex too. 
Early HALOE (section 2.4) measurements (version 8) of lower stratospheric water 
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vapour during southern late-spring suggested mixing ratios were lower in southern 
mid-latitudes than in northern mid-latitudes (Tuck et al., 1993). If true, this 
difference could be due to mixing of dehydrated air from the Antarctic winter 
vortex into southern mid-latitudes. Tuck et al. (1993) suggest dehydrated air 
from the Antarctic vortex was strongly influencing water vapour mixing ratios as 
far north as 30°S, and that there was even some influence on tropical mixing ratios. 
Tuck et al. (1993) also report observations of low CH4 and total hydrogen external 
to the vortex region at 50hPa. Mote et al. (1993) report comparison between the 
HALOE measurements of Tuck et al. (1993) and results from a troposphere-middle 
atmosphere model, which supports the view that the dehydrated air from the 
Antarctic was influencing mixing ratios in southern mid-latitudes and the tropics. 
From the apparent dominance of zonal mean mixing ratios in the southern mid-
latitudes by dehydrated air originating from the Antarctic vortex, Tuck et al es-
timate a vortex flushing time scale of around thirty days. This estimate assumes 
the lower stratospheric part of the Antarctic vortex is strongly dehydrated for 
approximately 100 days, and the mixing of dehydrated air from the vortex into 
mid-latitudes occurs continuously over this period. This short flushing timescale 
implies that the vortex is acting like a "flowing processor", with rapid descent, 
and rapid mixing of dehydrated air into mid-latitudes. The issues surrounding the 
flowing processor theory are discussed by Randel (1993). 
An analysis of descent rates in the Antarctic vortex, made by Schoeberl et al. 
(1995) from HALOE version 16 1120 and CH4 data, gives the average descent 
rate throughout the whole autumn to spring season to be about a third of the 
Tuck estimate. They also show lows in HALOE version 16 CH4 as being well 
correlated with PV values representative of the vortex interior. In situ water 
vapour measurements made in the Antarctic vortex of 1994 by Vömel et al. (1995), 
support the slower descent rate. A reconsideration of the issues raised by Tuck et 
al. (1993) by Mote (1995), using version 16 HALOE measurements and a revised 
model from that used by Mote et al. (1993), suggests the polar dehydration did not 
influence mid-latitude mixing ratios at pressures less than lOOhPa. Other recent 
studies (Abrams et al., 1996a; Abrams et al., 1996b; Crewell et al., 1995) support 
the view that the Antarctic vortex is not acting as a flowing processor. Pyle (1995) 
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finds little evidence for the Arctic vortex behaving as a flowing processor in ozone 
observations and modelling studies. 
Using UKMO winds and vertical velocities from a radiation calculation Manney 
et al. (1994b) show that in the lower stratosphere diabatic descent over winter is 
concentrated in a collar around the edge of the Antarctic vortex, but more evenly 
distributed in the Arctic vortex. They also find that descent is concentrated at 
the vortex centre in the upper stratosphere and fairly evenly distributed in the 
middle stratosphere inside both vortices. 
Mixing inside the vortices clearly has an important effect on possible rates of ozone 
destruction, by increasing the amount of air which may be potentially exposed to 
ozone-destroying chemistry. Edouard et al. (1996) find that mixing can either 
increase or decrease the reactivity of ozone-destroying chemistry, depending on 
whether the chemical constant for the ozone-destroying reaction is small or large. 
If the chemical constant is large, ozone is rapidly depleted in localised regions, 
and the rate of mixing becomes a limiting factor on the rate of widespread deple-
tion. Recent studies have provided contrasting estimates of the amount of mixing 
occurring inside the polar vortices. 
Manney et al. (1994b) and Bowman (1993a) find there is little isentropic mixing 
inside the Antarctic vortex in the lower and mid-stratosphere, while Manney et 
al. (1994b) find there can be significant mixing inside the Arctic vortex. Vömel et 
al. (1995) interpret their balloon measurements of water vapour in the Antarctic 
vortex as indicating the Antarctic vortex is well mixed in the lower stratosphere. 
In contrast, simultaneous soundings of water vapour and ozone mixing ratios at the 
South Pole made by Hoffman et al (1991) in 1990 indicate there may be significant 
inhomogeneity inside the Antarctic vortex as late as early November. Hoffman et 
al also report similar measurements from the Arctic in January 1991 which reveal 
no significant structure inside the Arctic vortex. Chen et al. (1994b) use contour 
advection techniques to show strong stirring of the inner part of the Antarctic 
vortex occurs in the lower and middle stratosphere. 
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1.3 Stratospheric Water Vapour 
Water vapour is a critical component of the stratosphere because it has both im-
portant radiative and chemical effects. It is an important greenhouse gas, having a 
strong net warming effect on the global climate. Polar Stratospheric Clouds (PSC) 
of either pure water, nitric acid tn-hydrate or nitric acid di-hydrate, provide con-
densation nuclei for the still worsening (Jones and Shanklin, 1995) inhomogeneous 
destruction of ozone in the winter polar vortices. The water vapour mixing ratio 
has also been shown to have a direct effect on the rate of some ozone destroying 
reactions (Hoffmann and Oltman, 1992). Stratospheric water vapour is a good 
tracer, except in the rare case that conditions are cold enough for PSC formation. 
Its distribution therefore contains information about the history of atmospheric 
circulation. 
1.3.1 Oxidation of methane 
Because air ascending through the tropical tropopause becomes severely dehy-
drated (see section 1.3.2) the main source of water vapour in the middle atmo-
sphere is believed to be the oxidation of methane. There may be significant ad-
ditional contributions from sources such as volcanic eruptions (Glaze et al., 1997) 
and mini-comets (Frank et al., 1986), but these are relatively untested. Methane 
is oxidised through the action of high-intensity short-UV radiation which it en-
counters in the upper stratosphere (Bates and Nicolet, 1965). High water vapour 
concentrations in the lower stratosphere are therefore normally a result of descent. 
The details of methane oxidation in the upper stratosphere are poorly understood 
(Jones et al., 1986). However, studies of simultaneous measurements of methane 
and water vapour in the stratosphere have shown that virtually all the methane 
is oxidised to form water vapour and carbon dioxide (Jones et al., 1986; Le Texier 
et al., 1988; Hansen and Robinson, 1989; Remsberg et al., 1996). 
Although there are strong seasonal structures in the distribution of water vapour 
in the stratosphere, total hydrogen has a fairly uniform distribution (Jones et al., 
1986; Tuck et al., 1993; Engel et al., 1996). Total hydrogen in the stratosphere 
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is calculated as 2[CH4] + [H20] + [H2]. The mixing ratio of molecular hydrogen 
is fairly constant, so measurements of methane and water vapour can be used 
to study the hydrogen budget of the stratosphere. Using LIMS water vapour 
and SAMS methane measurements (Jones et al., 1986) found the value of 2[CH4 ] 
+ [H20] was approximately 6.Oppmv. Several other measurements of 2[CH4] + 
[H20] have put it at a slightly higher value, including Engel et al. (1996) who 
estimated 6.91±0.41 ppmv. Since the mixing ratio of methane in the troposphere 
is well known, the estimates of total hydrogen can be used to estimate the average 
water vapour mixing ratio of air which crosses the tropical tropopause (see section 
1.3.2). 
Methane is emitted from various natural and anthropogenic sources at ground 
level, including excretions from termites and leakages from natural gas pipelines. 
Methane becomes mixed in the troposphere and reaches the stratosphere through 
stratosphere-troposphere exchange in the tropics. The amount of methane in the 
atmosphere has been gradually increasing for over a century. The rate of increase 
in methane mixing ratios started to slow in the late eighties (Steele et al., 1992), 
and from 1991 to 1992 the rate of increase fell dramatically (Dlugokencky et al., 
1994), but it has since returned to close to the long term trend (Law and Nisbet, 
1996). 
Oltman and Hoffman (1995) report a steady increase in water vapour mixing ratios 
in the lower stratosphere during the seventies and eighties. The rate of increase 
is higher than would be expected from the increase on methane mixing ratios 
alone, but methane oxidation must be making a significant contribution. It is 
possible that a general warming of the atmosphere may be responsible for the rest 
of the increase by affecting transport of air across the tropical tropopause. The 
possibility of a continuing long term increase in stratospheric water vapour mixing 
ratios has important consequences for the radiative balance of the earth. Over the 
last two centuries the additional radiative forcing caused by stratospheric H2 0, as 
a result of increased methane concentrations, is equivalent to about 10 percent of 
that from anthroprogenic CO2 emissions (Shine et al., 1990). 
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1.3.2 Dehydration in the tropical lower stratosphere 
Brewer (1949) developed his hypothesis for the circulation of the stratosphere, 
with ascent and crossing of the tropopause in the tropics, to explain the relatively 
low water vapour mixing ratios measured in the stratosphere. Only in the tropics 
is the tropopause high enough, and therefore cold enough, for the low saturation 
mixing ratios required to freeze dry air rising from the troposphere. It is now 
known that air can cross between the troposphere and the lowermost stratosphere 
(below -.380K) along tropopause crossing isentropes, see figure 1-3. This exchange 
does not affect the water vapour mixing ratios in the large scale circulation of air 
around the stratospheric overworid (above "-i 380K). A full discussion of the issues 
relating to stratosphere-troposphere exchange is given by Holton et al. (1995). 
Measurements by Kley et al. (1979) and others showed that typical water vapour 
mixing ratios in the lower stratosphere were lower than could be explained by freeze 
drying at the mean temperature of the tropical tropopause. Newell and Gould-
Stewart (1981) therefore suggested that most air crossed the tropical tropopause 
in particular parts of the tropics at certain times of the year when the tropical 
tropopause is at its coldest. The coldest tropopause temperatures are found over 
Micronesia and the western Pacific during northern winter and spring (Tuck et 
al., 1993). Newell and Gould-Stewart (1981) called the restricted zones of ascent 
"stratospheric fountains". 
The stratospheric fountain proposal of Newell and Gould-Stewart (1981) explained 
the dehydration of the tropical lower-stratosphere in terms of a continuous mean 
circulation, but did not explain what drives air to cross the tropical tropopause. 
Danielsen (1982) proposed a physical mechanism for the exchange of air between 
troposphere and stratosphere which operated on short time scales. Danielsen 
(1982) suggested that overshooting cumulonimbus turret clouds could penetrate 
the stratosphere, see figure 1-3. The clouds would entrain stratospheric air and 
give tropospheric air sufficient buoyancy to remain in the lower stratosphere. 
Danielsen (1982) explains the mean circulation of Newell and Gould-Stewart (1981) 
as the small mathematical residual of many localised pockets of large convective 
circulations. 
Recently another possible mechanism for the dehydration of the tropical lower 
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Figure 1-3: Dynamical aspects of troposphere-stratosphere exchange, taken from 
Holton et al (1995). The thick dark line is the average position of the tropopause. 
The numbered lines represent isentropic surfaces, in units of Kelvin. The darkly 
shaded region indicates the lowermost stratosphere, defined as the range of poten-
tial temperatures in the stratosphere for which isentropes cross the tropopause. 
Above the 380K surface is the stratospheric "overworld", where isentropes lie en-
tirely within the stratosphere. The light shading indicates meridional forcing by 
planetary waves. 
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stratosphere was suggested by Potter and Holton (1995). They showed that dehy-
dration could be produced in a model by the action of buoyancy waves generated 
by tropical convection. They allowed cirrus clouds to form in their model in air 
that was vertically displaced in the tropical lower stratosphere. Clouds formed up-
wind of the convective region in the tropics. When they allowed ice to precipitate 
from these clouds, there was a decrease of 0.3ppmv in the water vapour mixing 
ratio in the tropical lower stratosphere over a 30 hour simulation. 
1.3.3 The tropical 'Tape Recorder' 
Some measurements of water vapour mixing ratio in the tropical lower-stratosphere 
have shown a minimum a few km above the tropopause (Kley et al., 1979; Kley 
et al., 1982), which has become known as the hygropause. This difference in 
the heights of the hygropause and tropopause was found to vary with season 
and location. Measurements over the western-tropical Pacific during January and 
February found the hygropause coincided with the tropopause (Kelly et al., 1993). 
One interpretation of the height of the hygropause was that strong tropical con-
vection over Micronesia was causing tropospheric air to overshoot the tropopause 
(Kley et al., 1982). The same feature could also be explained by the preservation 
of the spring minimum in water vapour mixing ratio being preserved in rising 
tropical air (Kley et al., 1979). 
During northern summer, the minimum temperatures at the tropical tropopause 
are too high to explain the water vapour mixing ratios observed at the hygropause. 
Tuck et al. (1993) therefore suggested leakage of dehydrated air from the winter 
vortex in the Antarctic lower stratosphere was contributing to the hygropause in 
the tropical lower stratosphere. Early results from the HALOE instrument on 
UARS reported by Tuck et al. (1993) appeared to show an extensive region of low 
water vapour mixing ratios extending from the lower part of the Antarctic vortex 
to the northern tropics. These findings have been undermined by later re-analysis 
of HALOE data (Schoeberl et al., 1995; Mote, 1995c) and new work using MLS 
data, see chapter 4. 
Recently, an important new explanation of the apparent seasonal variation in 
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the height of the hygropause has come to light. Limited meridional mixing in the 
tropical lower stratosphere means air retains the water vapour concentration it had 
when it crossed the tropical tropopause. This concentration is determined by the 
temperature at the tropopause, which has an annual variation (Mote, 1995) due 
to the annual variation in the strength of the wave driving of the Brewer-Dobson 
circulation. The lower tropical stratosphere retains a record of roughly one year of 
tropopause temperature which is visible in MLS measurements (Mote, 1995). This 
is the "unmixed ascent" hypothesis, also known as the "tropical tape-recorder". 
The tape-recorder signal is revealed by subtracting the time-mean mixing ratio 
from a contour plot of mean water vapour mixing ratio in the tropics with height 
on the y-axis and time on the x-axis. Similar plots are discussed in chapter 6. 
Above lOhPa the tape-recorder signal is erased by meridional mixing. Balloon 
measurements made by Ovarlez et al. (1995) provide supporting evidence for the 
tropical tape recorder hypothesis. 
1.3.4 Previous measurements of middle atmosphere water 
vapour 
The history of stratospheric water vapour measurements has been reviewed by 
Harries (1976), Ellsaesser (1983) and Carr (1996), amongst others. This section 
gives a brief summary of some of the most important advances in the measurement 
of stratospheric water vapour. 
The earliest measurements of stratospheric water vapour were made by Dobson in 
1943 (Dobson et al., 1946) using a manually operated frost-point hygrometer on 
board an aircraft. These measurements were limited to the very lowest part of the 
stratosphere only. The measurements of Dobson et al. (1946), Brewer (1949) and 
other later measurements in the same series, consistently showed water vapour 
mixing ratios as being much lower than in the troposphere, ''-'3ppmv. 
Balloon flights of similar instruments were able to reach higher altitudes, but the 
results of Barclay et al. (1960) and Hayashi (1961) showed mixing ratios in the 
range 30 to 60ppmv at 27km. However, results obtained by Houghton and Seeley 
(1960) using an aircraft-mounted solar-spectrometer supported the earlier, lower 
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estimate. The contrasting values obtained by the these techniques caused several 
years of disagreement over the true range of water vapour mixing ratios in the 
stratosphere. The higher mixing ratios found in the balloon studies were later 
shown to be due to contamination of the measurements by outgassing from the 
balloon or payload (Mastenbrook, 1965). 
In a review of various measurements of water vapour mixing ratio Harries (1976) 
deduced that water vapour mixing ratios in the stratosphere typically increase 
with height. Harries (1976) suggested that this increase could be due to methane 
oxidation, see section 1.3.1. Balloon measurements by Kley et al. (1979) indicated 
there was a minimum in water vapour mixing ratio well above the tropopause. 
These results were discussed further in sections 1.3.2 and 1.3.3. 
The first satellite measurements of water vapour were made by the LIMS in-
strument on the Nimbus 7 satellite (Russell III et al., 1984). LIMS measured 
thermal emission from water vapour in the infra-red, scanning through a limb of 
the atmosphere. The LIMS results were found to be fairly reliable, and made 
a large improvement in the amount of information available about stratospheric 
water vapour. They were also combined with methane measurements made by the 
SAMS instrument to show that methane oxidation was responsible for most of the 
increase in water vapour mixing ratio with height (Jones et al., 1986), see section 
1.3.1. 
Later measurements of water vapour mixing ratio by SAGE II (Rind et al., 1993) 
and ATMOS (Gunson et al., 1990) also made significant contributions to our 
knowledge of stratospheric water vapour before the UARS mission. These are 
both solar occultation instruments which operate in the infra-red region of the 
spectrum. LIMS and SAGE II measurements were concentrated in tropical and 
mid-latitude regions, so UARS measurements of H20 closer to the poles are of par-
ticular importance. A discussion of measurements of stratospheric water vapour 
at the pole, and their implications, is given in section 1.3.5. 
Like other species, the seasonal movement of water vapour in the stratosphere 
is modulated by the semi-annual oscillation (SAO) in the tropics, and the quasi-
biennial oscillation (QBO). A study by Carr et al (Carr et al., 1995) has detected 
the signal of a strong SAO, and possibly QBO, in MLS H20 results. 
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1.3.5 Water vapour and dehydration in the polar vortices 
Stanford (1973) was the first to suggest that the extremely cold temperatures 
found in the Antarctic winter vortex in the lower stratosphere could cause the 
condensation of water vapour into ice particles. Stanford (1973) further suggested 
that some of theses ice particles would be sufficiently large to subside rapidly 
from the lower stratosphere, leaving a significantly dehydrated lower-stratospheric 
vortex. 
The suggestions of Stanford (1973) were confirmed when measurements of water 
vapour mixing ratios in the Antarctic vortex, made by Kelly et al. (1989) as part 
of the AAOE using the ER-2 aircraft, showed that the vortex air was significantly 
dehydrated in comparison with extra-vortex air. Kelly and Tuck (1990) compared 
the previous AAOE measurements of the Antarctic vortex in 1987 with new mea-
surements of the Arctic vortex in 1989, made during the AASE. The interior of 
the Arctic vortex did not show any dehydration. Water vapour mixing ratios are 
now known to be higher inside than outside the Arctic vortex, as would normally 
be expected from descent inside the vortex. Descent brings air of higher water 
vapour mixing ratio from the upper stratosphere and lower mesosphere down into 
the lower stratospheric part of the vortex. Santee et al. (1995) used MLS water 
vapour measurements to confirm this interhemispheric difference in vortex water 
vapour. 
Rosen et al. (1991) observed water vapour mixing ratios inside the Antarctic vor-
tex throughout the southern winter of 1990, using balloon-based soundings. Their 
results indicated that typical mixing ratios decreased rapidly from "-'5ppmv in 
early June to -'2ppmv by mid-July. They observed heavy PSC activity during the 
same period. Vömel et al. (1995) performed a similar series of measurements of 
water vapour inside the Antarctic vortex during the southern winter of 1994, with 
broadly similar results. They also observed rehydration layers at 10km in June 
and July, where the subsiding ice particles were re-evaporating in warmer temper-
atures. Vömel et al. (1995) also observed mixing ratios which were significantly 
lower than saturation mixing ratios calculated from average vortex temperatures, 
indicating there must be patches of extreme cold inside the vortex, which are 
capable of dehydrating the wider vortex. Vömel et al. (1995) also showed that 
Chapter 1. Introduction 	 24 
the dehydration remains into November, long after temperatures have increased 
above previous saturation levels, indicating that the subsidence of ice-particles 
leads to long-term dehydration of the interior of the Antarctic vortex in the lower 
stratosphere. 
Chapter 2 
The Microwave Limb Sounder and its 
Validation 
2.1 The Microwave Limb Sounder 
2.1.1 The Upper Atmospheric Research Satellite 
The Upper Atmospheric Research Satellite (UARS) (Reber, 1993) was launched by 
NASA in 1991. It features a number of different instruments designed to study the 
workings of the middle and upper Earth atmosphere. Figure 2--1 shows a diagram 
of the satellite, showing the positions of the instruments, and a cosmonaut to scale. 
The UARS mission (Reber et al., 1993) was first conceived in the late seventies, 
after serious concerns about possible damage to the ozone layer by CFC emissions 
(Molina and Rowland, 1974). The objectives of the UARS mission are to study 
the physical and chemical processes in the stratosphere and mesosphere in order to 
(1) understand the coupled energy inputs, chemistry, and dynamics that control 
upper atmosphere structure; (2) understand the response of the upper atmosphere 
to natural perturbations, for example volcanos, and such man-made perturbations 
as chlorofluorocarbons (CFCs); and (3) improve our understanding of the role of 
the upper atmosphere in climate and long-term climate change. It was decided to 
build a large satellite, with several co-ordinated and complementary instruments, 
which would provide daily global coverage of the middle atmosphere. There are 
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four instruments which measure trace gas mixing ratios, covering 15 chemical 
species between them, two instruments which measure wind, and three which 
measure energy inputs from the sun. 
Figure 2-1: Instruments on the UARS satellite 
The four instruments which measure trace gas mixing ratios are the Microwave 
Limb Sounder (MLS), the Improved Stratospheric and Mesospheric Sounder (ISAMS), 
the Cryogenic Limb Array Etalon Spectrometer (CLAES) and the Halogen Occul-
tation Experiment (HALOE). The first three measure atmospheric thermal radia-
tion along a limb of the atmosphere. ISAMS and CLAES, see section 2.5, operate 
in the infrared region of the spectrum, and MLS operates in the microwave region 
of the spectrum. HALOE measures atmospheric absorption of infrared during 
solar occultation events, see section 2.4.1. 
Because of the size of UARS, it could only be launched on the Space Shuttle. It was 
launched on Space Shuttle Discovery on 12 September 1991. UARS follows a near-
circular orbit at an altitude of 585km, inclined at 57° to the equator. The orbit 
is just off sun-synchronous, providing global data at all local times approximately 
every 36 days, allowing the instruments to sample diurnal atmospheric effects. 
This orbital precession rate is also necessary to allow the Halogen Occultation 
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Experiment (HALOE) instrument to observe sunset and sunrise events over the 
whole latitude range once a month. The limb viewing instruments make their 
observations at 900  to the direction of the satellite track. The UARS orbit allows 
limb viewing instruments to make measurements at latitudes of up to 80° in one 
hemisphere and up to 34° in the opposite hemisphere. 
Because the solar arrays need to face the sun, and several of the instruments need 
to be kept in shadow, the satellite has to change between "forward" and "back-
ward" flying mode very 36 days. This 180° yaw manoeuvre is therefore performed 
10 times a year. The yaw manoeuvre changes the view of the limb sounding in-
struments, so that they view the highest latitudes of alternate hemispheres every 
UARS "yaw month". 
UARS daily returns data to its dedicated central data handling facility (CDHF). 
At the CDHF, the physical measurements from the instruments are processed to 
retrieve the geophysical parameters required by atmospheric scientists. The mixing 
ratio data are available about three days after the initial measurements are taken. 
There is a programme of correlative measurements designed to augment and help 
validate all the UARS measurements. These include aircraft and balloon based 
measurements, as well as data from other satellite-borne instruments, and global 
wind analyses. 
2.1.2 The MLS Instrument and Retrieval 
MLS measures atmospheric thermal radiation in three microwave frequency ranges. 
Its antenna focuses through a limb of atmosphere, figure 2-2, and is mechanically 
scanned over a small angle in the vertical to measure profiles through the atmo-
sphere. The antenna scans over its whole vertical range once every 65 seconds, 
giving 1318 atmospheric profiles on each UARS day. The intensity of emissions 
in the spectral ranges observed by MLS provide information on molecular abun-
dance and temperature. Pressure and temperature are measured using the width 
and intensity of a spectral line of molecular oxygen, since molecular oxygen has a 
constant mixing ratio throughout the middle atmosphere. 
The use of limb sounding means MLS has a reasonably good vertical resolution, 
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"-'5km, but the horizontal resolution is not as good as that of a vertical sounder, 
'-'400km along the line of sight of the instrument. The general techniques of 
microwave remote sensing are described in Janssen (ed.) (1993). The principles 
of microwave limb-sounding and the spectroscopy relevant to MLS are described 
by Waters (1993). One of the most important reasons for using the microwave 
region of the spectrum is that the measurements are not strongly affected by any 
condensed material that may occur in the lower stratosphere, like volcanic aerosols 
or Polar Stratospheric Clouds. Use of the microwave region allows the instrument 
to measure the abundance of chlorine monoxide at the 1 ppbv level. Chlorine 
monoxide is a vital link in the chemical chain that results in the destruction of 
stratospheric ozone. 
p. 	 S 
TO EARTH CENTER 
Figure 2-2: Limb sounding geometry. S is the measurement point. P represents 
a tangent point at height h, and scan angle from the vertical x from Froidevaux 
et al (1996). 
At launch MLS was equipped with three radiometers, called 63GHz, 183GHz and 
205GHz after the approximate frequency at which they operate. Most of the 
instrument was designed and built by NASA, but the 183GHz radiometer was 
designed at Heriot-Watt Universtity, and built at the Rutherford Appleton Labo- 
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ratory. Each radiometer receives emission in a set of filter banks which are centred 
at a fixed frequency within '"3GHz of a local oscillator. MLS uses double-sideband 
heterodyne radiometers. Each primary sideband covered by a filter bank has an 
equivalent "image band" at an equal and opposite difference in frequency from 
the local oscillator frequency. Figure 2-3 show these bands for the 183 GHz ra-
diometer. Signals from the image sidebands are included in the measurement, but 
should not have a strong effect on linear retrievals (Lahoz et al., 1996b) because 
they cover a part of the spectrum which contains no strong lines. 
The 63GHz radiometer features a single filter bank, which is centred on an 02 
emission line to provide tangent pressure and temperature information (Hougton 
et al., 1984). The 205GHz radiometer has filter banks in three bands. Bands 
two and three are close to an emission line for ClO at 204.2 GHz and band 3 
is centred on an 03 emission line at 206.1GHz. The 183GHz radiometer has 
filter banks in two bands. Band 5 is centred on a water vapour emission line at 
183.3GHz and band 6 centred on an 03 emission line at 184.4 GHz. Figure 2-3 
shows the modelled spectroscopy of the region covered by the 183GHz radiometer. 
Each filter bank spans a frequency range of 510MHz using 15 channels. Channel 
widths vary progressively from 2MHz for the centre channels to 128MHz for the 
wing channels, providing variable resolution to track spectral features over the full 
range of tangent heights. The radiometers are calibrated by using a switching 
mirror to change the field of view between the antenna, a cold space window, and 
an internal calibration target at ambient temperature. 
The 183 GHz radiometer was designed to measure H20 and 03 in the stratosphere 
and mesosphere. Unfortunately the 183 GHz radiometer stopped working after 
UARS day 594, 27 April 1993. The 205 GHz radiometer was designed primarily 
to measure stratospheric 03 (Froidevaux et al., 1994) and chlorine monoxide, ClO. 
It can also measure 1120 in the upper troposphere (Elson et al., 1995), HNO3 , 
and SO 2 in high concentrations. The latter two products only became available 
in version 4 of the retrieval. 
Although microwaves emitted at the tangent height must pass through the upper 
levels of the atmosphere to reach the instrument, it is normally the section of 
the limb at the tangent point that has the greatest optical depth, and contributes 
most of the information to the detected microwave signal. In figure 2-2 the greatest 
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Figure 2-3: Calculated limb emission in the spectral region covered by 183 GHz 
radiometer, at 46hPa and 4.6hPa, from Lahoz et al (1996). The vertical dashed 
(dotted) lines denote the spectral ranges covered by the primary and image side 
bands of the band 5 (band 6) filterbanks. The arrow labeled "LO" indicates the 
frequency of the local oscillator. 
contributions to the signal at scan angles Xi  and X2  come from the tangent points 
P1 and P2 . This is not true when the layers above the tangent point are opaque. 
The MLS retrieval uses an opacity criterion to determine whether information is 
retrievable below a certain height (Lahoz et al., 1996b). Normally this condition 
is satisfied down to 46hPa. Problems were thought to occur for the 183GHz band 
at high latitudes in cold conditions, because the 46hPa surface is at a higher 
geometric height, and larger scan angle. If the condition is failed at a particular 
altitude, information from lower down cannot be extracted by the linear retrieval, 
which reverts to a priori climatology. The retrieved concentrations at 46hPa were 
subject to large retrieved errors in these conditions in version 3 of the retrieval, but 
this is now believed to have been mainly due to a problem with the error estimates 
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themselves. The retrieved concentrations in version 4 of the retrieval are therefore 
now regarded as consistently reliable at 46hPa. A non-linear retrieval is currently 
being developed by colleagues, which is expected to perform much better in this 
and many other respects. 
MLS has good daily latitude and longitude coverage, with an average of 1318 
atmospheric profiles, or "major frames", being recorded each day. As described 
above, the instrument must be kept in shadow, away from the sun on the "cold" 
side of the satellite, to function effectively. It is therefore necessary for the satel-
lite to perform a "yaw" manoeuvre approximately every month. This limits the 
latitude range covered by MLS to either 80N-33S in backwards facing, or 33N-80S 
in forwards facing mode. 
Several interruptions occurred to the operation of MLS. These are summarised 
by Manney et al. (1995a). Most damaging was the break for the whole of the 
southern pointing yaw period of 1 Jun - 13 July 1992, due to problems with the 
UARS solar array. Because of the failure of the 183Ghz radiometer before the 
equivalent period in 1993, there are no water vapour mixing ratio data from a 
southern hemisphere mid-winter. 
2.1.3 Data processing 
Four levels of data are defined in the UARS project, level 0 to level 3. Each 
level represents a significant step in the process of turning raw satellite telemetry 
data, level 0, into temperature and trace gas mixing ratios on the standard UARS 
pressure levels, level 3. Level 1 data consist of calibrated radiances and their 
associated errors, expressed as brightness temperatures in degrees Kelvin. Jarnot 
et al. (1996) describe the level 1 processing. The level 1 data are used as a basis 
for the retrieval of tangent pressure, temperature and trace gas mixing ratios. The 
retrieval uses a sequential estimation technique, as first applied to limb sounding 
problems by Rodgers (1976). 
Some of the details of the MLS version 3 retrieval are described by Froidevaux 
et al. (1996). The retrieval combines information from radiance measurements 
with information from a priori climatological profiles. The a priori climatology 
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helps constrain the retrieval to a physically reasonable range of values. When 
the information content of the MLS radiance measurements is low, the retrieved 
mixing ratios and retrieved errors relax to the a priori mixing ratios, and the a 
priori errors. The retrieval uses a forward model (W G Read et al, manuscript in 
preparation) to calculate the weighting functions for the radiometer channels. 
The MLS a priori climatology is based on monthly means derived from previous 
measurements. The version 3 water vapour climatology consists of seven months 
of LIMS measurements (Russell III et al., 1984), extended to the whole year by 
assuming hemispheric symmetry. The value of the a priori uncertainty for water 
vapour measurements is set to 2ppmv, even though the estimated error in the 
LIMS measurements is closer to lppmv. This value of the a priori uncertainty is 
deliberately large so as not to over constrain the output of the retrieval to the first 
guess climatology. 
2.2 The validation of MLS water vapour 
Measurements made by the instruments onboard the UARS satellite will be used 
in theories and models of stratospheric processes. It is therefore important to 
establish the reliability of both the hardware and the data retrieval, and compare 
their results to other instruments, past and present. The validation of the 183GHz 
water vapour measurements is discussed fully by Lahoz et al. (1996b). This section 
is a summary of their results, which is presented in this section as a lead in to 
the subsequent sections which give an account of original contributions to the 
validation study performed as part of this PhD project. 
2.2.1 Tests of the retrieval scheme 
An important test of the retrieval is to compare the radiances measured by the 
instrument, with radiances calculated from the retrieved mixing ratios using the 
forward model. The radiance residual is defined as the measured radiance minus 
the calculated radiance. Significant residuals indicate a problem with the retrieval 
or a problem with the forward model. Lahoz et al. (1996b) find that outside 
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the centre channels the absolute value of the residuals are typically less than 
5K at pressures of 46hPa and below. However, Lahoz et al. (1996b) also find 
certain systematic patterns in the residuals, which they believe may be due to a 
combination of errors in the estimated antenna transmission, sideband ratio, and 
spectral lineshapes. 
Lahoz et al. (1996b) plot the seasonal variation of the zonal mean of a diagnostic, 
X 2  ma Xna is the square of the radiance residual divided by the square of the 
measurement noise, averaged over all pressure levels. Xa  values above 2 indicate 
the version 3 retrieval does not fit the radiances within the measurements noise. 
The values of Xa  for 183GHz water vapour measurements range between 12 and 
40, indicating a significant lack of fit to the radiances. This lack of fit is due to 
uncertainties in the calibration and the forward model parameters, and to using 
a linear retrieval (Lahoz et al., 1996b). The highest values of Xa  are found 
poleward of 70°S during the southern spring yaw period of August and September 
1992. This is due to the known problems with the version 3 water vapour retrieved 
at 46hPa in high latitudes during the winter season, as discussed in section 2.1.2. 
These results show that noise on the measurements is not the limiting factor on 
the accuracy of the retrieval, and there is room for improvement. Nevertheless, 
results from other validation studies discussed in this chapter show that version 3 
mixing ratios do contain real information about the atmosphere. 
Another test of the retrieval scheme involves using the forward model to calculate 
simulated radiances calculated from a "true" water vapour distribution. A retrieval 
can then be performed on the simulated radiances, and the resulting mixing ratio 
estimates can be compared with the "true" distribution. This technique allows 
numerical errors arising from the retrieval software to be estimated. Lahoz et al. 
(1996b) use a smoothed version of the zonal mean of a single day's data as the 
true distribution. Radiances are produced from this field using the forward model, 
and simulated instrument noise is added to them. A water vapour distribution 
is then retrieved from these simulated radiances. Lahoz et al. (1996b) find that 
in general the closure of the retrievals is satisfactory throughout the stratosphere. 
The average RMS differences between the true and retrieved mixing ratios are 
'.'0.2ppmv (2 - 5 %). At high latitudes on the 46hPa surface the RMS differences 
are r.-0.6ppmv (15%). This effect at 46hPa is due to the known opacity problems 
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(section 2.1.2), and indicates the a priori climatology is having significant influence 
on the retrieved mixing ratios. 
2.2.2 Estimation of uncertainties in mixing ratio data 
(Lahoz et al., 1996b) use three methods to estimate the random uncertainties in 
version 3 water vapour mixing ratio data. Method 1 is based on a formal precision 
estimate. This method uses a general technique for estimating different contri-
butions to the total uncertainty of a retrieved atmospheric profile published by 
Rodgers (1976). The estimate of precision is the root-sum-square of all random 
contributions to the uncertainty of the retrieved mixing ratio values. These con-
tributions include the noise in the radiance measurement, and random errors in 
the retrieved temperature and tangent pressure. It is believed this method may be 
over pessimistic in the lower stratosphere due to the inclusion of some systematic 
effects in the uncertainties in tangent pressure, which is the dominant error in the 
lower stratosphere. 
Method 2 is to calculate the variability in near adjacent profiles close to the orbit 
turning points at approximately 80°N and 80°S in the summer hemisphere. This 
study was performed as part of this PhD project, and full details are given in 
section 2.3.2. Method 3 involves calculating the standard deviation of retrieved 
mixing ratios in the equatorial region. Between latitudes of 5°N and 5°S the 
meridional variability in mixing ratio is expected to be small, and zonal mixing 
is known to occur rapidly. The average standard deviation in this region was 
calculated for each day, in 442 days of data . This is an upper bound on the 
precision of the MLS water vapour mixing ratios. 
Figure 2-4 shows a comparison of the results from the three methods for estimating 
precision in MLS water vapour measurements. Methods 2 and 3 give very similar 
results, indicating they are both reliable estimates of precision. The results from 
method 1 indicate a much poorer precision in the lower stratosphere, which may be 
due to systematic components in the uncertainty in the retrieved tangent pressures, 
as mentioned above. 
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Figure 2-4: Estimates of the precision of MLS version 3 water vapour mixing 
ratios using the three methods described in the text. Taken from Lahoz et a! 
(1996). 
retrieval which can produce unphysically large water vapour mixing ratios of up to 
'-.'10ppmv. The fault is caused by the centre channel, channel 8, becoming optically 
thick at O.lhPa, with channels 7 and 9 only having a strong signal strength at 
pressures greater than O.lhPa. There is therefore a shortage of information in the 
retrieval at the O.lhPa level, and this believed to contribute to the high variability 
and unphysical values produced by the retrieval at this level (Lahoz et al., 1996b). 
The retrieval produces an estimate of the uncertainty on each mixing ratio which 
is calculated. This "retrieval error" is based on estimates of systematic and ran-
dom errors which are propagated through the retrieval process. The ratio of the 
retrieved error to the a priori error (2ppmv) is sometimes used as a quality indica-
tor, know as "error ratio". When the error ratio exceeds 0.5 the contribution of the 
climatology to the retrieved mixing ratio exceeds 25%. The retrieved errors in the 
level 3 files are greater than the error estimates produced by the three methods. 
This is because the retrieved errors contain a strong contribution from the a priori 
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error of 2ppmv, especially in the lower stratosphere, and a systematic component 
which allows for the use of linear rather than non-linear retrievals. 
Lahoz et al. (1996b) also estimate the systematic uncertainties which may affect 
the retrieved water vapour mixing ratios. Possible sources of systematic error 
include errors in tangent pressure and temperature measurement, and radiometric 
calibration, and errors in the estimation of spectroscopy, sideband ratio and filter 
shapes. There are also uncertainties in the relative alignment of the radiometers 
and the field of view of the radiometers. Some of these errors are reduced in 
version 4 of the retrieval, see section 2.6.1. The final estimates of the precision 
and accuracy of water vapour mixing ratio measurements in the stratosphere of 
Lahoz et al. (1996b) are reproduced in table 2-1. 
Table 2-1: Summary of estimates of precision and accuracy for MLS version 3 
water vapour mixing ratio measurements. Values taken from Lahoz et al (1996) 
Pressure (hPa) Precision (ppmv) Accuracy (ppmv) 
0.22 0.45 0.7 
0.46 0.33 0.7 
1.0 0.25 0.7 
2.2 0.20 0.6 
4.6 0.17 0.5 
10 0.13 0.5 
22 0.14 0.8 
46 0.20 1.2 
2.2.3 Comparisons with other instruments 
Lahoz et al. (1996b) give details of comparison of MLS version 3 water vapour mea-
surements with water vapour measurements from four other types of instrument. 
These other instruments are : (i) balloon-mounted frost point hygrometers ; (ii) 
a ground based microwave vertical sounder ; (iii) a balloon mounted far-infrared 
spectrometer; (iv) the HALOE instrument on the UARS satellite. The compari- 
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son with the HALOE instrument was performed as part of this PhD project and 
full details are given in section 2.4. Details of further comparisons with the ISAMS 
and CLAES instruments are given in section 2.5. 
The balloon-based frost point hygrometer measurements were made at four dif-
ferent locations by different teams, all equatorward of 45° latitude. A total of 12 
balloon profiles, which coincided with MLS profiles, were used to test differences in 
mixing ratio measurements. Because of the altitude range of the balloons, results 
are limited to the 46hPa and 22hPa pressure levels. Lahoz et al. (1996b) find that 
the systematic bias between the two data sets is 0.2ppmv, and the RMS difference 
is 0.5ppmv, which are within the combined errors for the two instruments. 
The comparison with ground-based microwave measurements from Table Moun-
tain Observatory show mean differences of '1.5ppmv at 2.2 and 1.OhPa. The RMS 
differences are only slightly higher, indicating most of the difference between the 
two instruments is systematic. The size of the difference may be due to the fact 
that the 2.2hPa and 1.OhPa pressure levels are close to the minimum height at 
which the ground-based microwave instrument can make measurements, but also 
indicates MLS measured mixing ratios may be too high in the upper stratosphere. 
The other balloon based instrument with which comparisons are made is an 
infrared-emission Fourier-transform spectrometer, FIRS-2, which covers a lOOhPa 
- 3hPa range with a vertical resolution of approximately 4km. In the lower strato-
sphere the differences between FIRS-2 and MLS measurements are relatively small, 
but in the middle and upper stratosphere the MLS measurements become increas-
ingly greater than the FIRS-2 measurements. These results support the view that 
MLS version 3 water vapour may be too high in the middle-upper stratosphere. 
The results of the comparison with HALOE measurements in section 2.4 also 
support this view. 
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2.3 Tests of MLS precision by Method 2 
As part of the validation of MLS 1830Hz H20 measurements (Lahoz et al., 1996b) 
estimate the random error in retrieved mixing ratio profiles using three different 
methods. As described in section 2.2.2 method 2 is to study the RMS differences 
in a series of near-coincident measurements which occur as part of the MLS scan 
pattern, figure 2-5. This study was performed as part of this PhD project. 
Figure 2-5 demonstrates that the MLS tangent track crosses itself at several dif-
ferent latitudes on each UARS day. There is also a high density of measurements 
around 800  latitude in the hemisphere MLS faces during each yaw period. This 
means there are several places where MLS measures profiles at similar positions 
within a few hours of each other. The differences in retrieved mixing ratios be-
tween these pairs of profiles can be used to give an upper bound on the precision 
of the instrument. This estimate of precision was optimised by trying to minimise 
the time and distance between the near coincident measurements, and by sampling 
when atmospheric variability was expected to be small. 
Lahoz et al [1996] compare the precision estimates from this study with estimates 
based on a formal analysis of retrieval uncertainty, and a study of variability of 
retrieved profiles in the tropics. These results are described in section 2.2.2, and 
the comparison between the methods is plotted in figure 2-4. 
2.3.1 Tangent track crossing points 
The orbit crossing points near the equator are a good choice for putting a tight 
upper bound on precision, because, although the near adjacent measurements can 
have been made several hours apart, atmospheric variability is expected to be 
relatively low in the tropical region. Figure 2-6 (solid line) shows the root mean 
square (RMS) differences in retrieved H20 mixing ratio between a series of near 
coincident pairs of points which occurred where the tangent track crosses near the 
equator. They were calculated from 31 pairs of points separated by less than 350 
km and 10 hours for the period 25 Aug - 31 Aug 1992. 
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Figure 2-5: MLS tangent points on the 27 July 1992. Shades of grey change 
from dark to light to indicate successive ascending and descending tracks. 
The main features of this RMS profile are the "mesospheric notch" at 0.1hPa, 
a region of high precision in mid-stratosphere, and a region of lower precision at 
46hPa. As discussed in section 2.2.2 the strength of the notch varies unpredictably 
between profiles, which makes the uncertainty at 0.1hPa extremely high. Although 
the retrieved mixing ratios do improve in the upper mesosphere, precision is still 
much less than in the stratosphere. At 0.01hPa precision is higher at the equator 
with up to a 10 hour time difference, than at the North Pole in summer with up 
to a 2 hour time difference. This indicates diurnal differences are not playing a 
strong role in the RMS differences at the equator. 
At 22hPa and lOhPa precision is less than 0.2 ppmv, indicating this is the region 
of profile where MLS H20 mixing ratios are most reliable. At 46hPa the precision 
is "-'0.35ppmv. The increased RMS difference at 46hPa is probably due to greater 
atmospheric variability at this level. It is not related to the problems with opacity 
at 46hPa described in section 2.1.2 because the opacity criterion is not violated 
in equatorial regions. The uncertainty at lOOhPa is low because retrieved mixing 
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Figure 2-6: Solid line : mean RMS difference of 31 pairs at equatorial crossing 
points, less than 350.0km and 10 hours apart, 25 - 31 Aug. 1992. Dotted line 
mean RMS difference of 241 pairs at north pole turning points, less than 150.0km 
and 2 hours apart, 19 July - 8 August 1992. Dashed line : mean RMS difference 
of 271 pairs at south pole turning points, less than 150.0km and 2 hours apart, 16 
August - 5 September 1992. 
significant at all latitudes at 1O0hPa making the relationship between radiances 
and mixing ratios non-linear. 
2.3.2 Near adjacent profiles at tangent track turning points 
As shown in figure 2-5 there are a series of near-coincident measurements near 
where the MLS tangent track turns at 80°. Because differences in longitude rep-
resent a small distance in the atmosphere at high latitudes, the closest points are 
within 150km of each other. The adjacent turning points occur in successive or-
bits, so the near-coincident measurements occur within about 90 minutes of each 
other. These tangent track turning points are therefore very close together in both 
time and space, and can be used to give a good upper bound on the precision of 
the retrieved water vapour mixing ratios. 
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Figure 2-6 (dotted line) shows the mean RMS difference between 241 pairs of near-
coincident points at turning points close to 80°N, between 19 July and 8 August. 
There are some notable differences between the results in figure 2-6 (dotted line) 
and the results from the equatorial crossing points shown in figure 2-6 (solid line). 
The uncertainty at 46hPa is much less in figure 2-6 (dotted line). The variability 
of the mesospheric notch is also weaker in figure 2-6 (dotted line) than in figure 
2-6 (solid line). The variability between 22hPa and 1 .OhPa is fairly similar for 
both methods. 
The measurements in figure 2-6 (dotted line) are taken at high latitudes, during 
summer. The problems with opacity at 46hPa, section 2.1.2 are expected to occur 
in colder conditions when the retrieved values are believed to be significantly 
influenced by the a priori climatology. This measurement therefore gives an upper 
bound on precision for high latitude measurements when opacity is not a problem. 
Unless there is another, unknown, systematic difference between measurements at 
high and low latitudes at 46hPa, atmospheric variability at 46hPa must be smaller 
in the high latitudes of the summer hemisphere than in equatorial regions. 
Figure 2-6 (dashed line) shows results similar to those in figure 2-6 (dotted line) 
except that they are from pairs of near-coincident tangent track turning points at 
80°S during southern hemisphere spring. This plot is shown for comparison with 
figure 2-6 (dotted line) to demonstrate the effect of greater atmospheric variability 
in polar regions during the winter period. The variability is greater in figure 2-6 
(dashed line) than in figure 2-6 (dotted line) throughout most of the MLS pressure 
range. 
In figure 2-6 (dashed line) the variability at 46hPa is stronger than in the equato-
rial crossing point study shown in figure 2-6 (solid line). If the retrieved mixing 
ratios at 46hPa in the polar winter were being dominated by the a priori climatol-
ogy, the variability should be less than in the polar summer studied in figure 2-6 
(dotted line). Figure 2-6 (dashed line) therefore indicates that the increased vari-
ability of the atmosphere in the southern high latitudes during winter outweighs 
the possible increased influence of a priori climatology on retrieved mixing ratios, 
unless strong climatological influence on the retrieved mixing ratios only occurs 
intermittently. Results given in chapter 4 and chapter 5 indicate that MLS detects 
a region of strong dehydration in the high latitudes of the southern hemisphere 
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during the winter period. Since the a priori climatology does not feature an equiv-
alent dehydrated region, the radiance measurements must still be having a more 
significant influence on retrieved mixing ratios than a priori climatology. 
2.4 Comparison of HALOE and MLS Water Vapour 
2.4.1 HALOE and MLS on the UARS Satellite. 
The Halogen Occultation Experiment (HALOE) (Russell et al., 1993) shares space 
and power on UARS with MLS. HALOE makes measurements of many several 
chemical species in the middle atmosphere, including water vapour, ozone, hy-
drogen fluoride and chlorine compounds. As part of the validation of the MLS 
water vapour measurements (Lahoz et al., 1996b), it was decided to make a di-
rect comparison between the measurements of H20 by these two totally different 
instruments. This comparison is original work performed as part of this PhD 
project. If results from the two instruments differ significantly, at least one must 
be producing incorrect results. A similar comparison between LIMS, SAGE II and 
ATMOS was made by Chiou et al. (1993). 
HALOE measures atmospheric limb absorption of solar infra-red, between 2.43 and 
10.25 pm during solar occultation events (Russell et al., 1993). Solar occultation 
occurs at sunset or sunrise, when a limb of atmosphere lies in the path of sunlight 
reaching the satellite. On the UARS orbit there are 15 sunrise and 15 sunset 
events each day, spaced '-'-' 24° apart in longitude. The orbit is slightly off sun-
synchronous, which means the local solar time (LST) at a particular measurement 
position is different for each UARS day. This means that the latitudes of the 
sunrise and sunset tangent points gradually change, so that for both sunrise and 
sunset measurements the range from 80°N to 80°S is scanned in a period of just 
less than one month, see figure 2-7. In a single day, the latitude range spanned 
by fifteen HALOE measurements is only a few degrees. 
The validation of HALOE version 17 water vapour mixing ratio measurements is 
discussed by Harries et al. (1996). They estimate the accuracy of HALOE version 
17 water vapour measurements as .—'25% in the lower stratosphere, r..i15% in the 
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Figure 2-7: The average latitudes of the HALOE tangent points for each of the 
first 600 days of UARS operation. Sunrise measurements are indicated by trian-
gles, and sunset measurements are indicated by diamonds. The region enclosed 
by solid lines indicates the latitudes covered by MLS measurements over the same 
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upper stratosphere and '--'20% in the lower mesosphere. They find good agreement 
between HALOE version 17 water vapour and a variety of UARS correlative mea-
surements, as used in the MLS validation described in section 2.2.3. The HALOE 
water vapour zonal mean also compares well with previous satellite measurements, 
including LIMS on the Nimbus 7 satellite (Remsberg et al., 1984). HALOE and 
LIMS data sets show quantitatively similar distributions of stratospheric water 
vapour. 
Members of the instrument group at Heriot-Watt University have compared the 
microwave radiances measured by MLS in band 5, with radiances generated by 
using the MLS forward model on water vapour mixing ratios measured by HALOE 
(Lau, 1996). This technique has the advantage of including only one numerical 
retrieval in the calculation, but does not provide a measure relevant to potential 
end users of final atmospheric concentration data. (Morris et al., 1995) compare 
MLS and HALOE measurements of water vapour mixing ratio made at different 
positions within 1.5 days of each other using a trajectory mapping technique. They 
find MLS-HALOE differences of 0.4ppmv at 650K ('—'22hPa), 0.5ppmv at 800K 
(r..ilOhPa)and "-'1.2ppmv at 1200K ("..'4.6hPa). 
2.4.2 Approach to Comparison of HALOE and MLS 1120 
Before the study reported here, tests had already been made comparing single 
profiles of stratospheric and mesospheric H20, measured by MLS and HALOE. 
These studies were limited to single measurement profiles which happened to occur 
at similar locations within the same day, and were performed only for profiles on 
agreed UARS validation days. It was considered desirable to make a more long 
term study of the difference between HALOE and MLS measurements of H20, 
over a wider latitude range. 
The widely differing scan patterns of the two instruments (see section 2.4.1, above) 
strictly limits the latitudinal range and temporal resolution of the comparison. 
Since HALOE makes measurements in only a limited latitude range for each day, 
with full latitude coverage achieved only over periods of up to a month, its data is 
normally plotted as a monthly zonal mean (Tuck et al., 1993). Because HALOE 
and MLS sit in different positions on the satellite, and scan in very different ways, 
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HALOE pointing at the Sun whilst MLS avoids the Sun, their measurements never 
actually coincide. They do cover the same latitude ranges on the same days for 
periods of about 20 days at a time, as shown in figure 2-7, so a limited zonal mean 
comparison is possible. On most days, the ascending and descending parts of the 
orbit are fairly clearly limited to local daytime or local nighttime or vice-versa. 
The ascending and descending (northwards and southwards) parts of the orbit 
are therefore treated separately, in case this day-night split causes a systematic 
difference between them. 
To minimise any systematic difference between MLS and HALOE that might arise 
from the different sampling patterns, it is necessary to sample these data in a way 
that mimicked the pattern of HALOE measurements. The average latitude of the 
sunset or sunrise HALOE measurements is calculated for each day. The sunrise and 
sunset measurements are studied separately, in case of any systematic difference 
between them. For each passage of the MLS tangent point across the average 
latitude of the HALOE measurements, the two nearest MLS measurements either 
side of it are sampled. For each pair of MLS measurements a value for water vapour 
concentration at the average HALOE latitude is calculated by linear interpolation. 
This gives 15 "HALOE equivalent" MLS measurements for both the ascending and 
descending sections of the orbits. The mean of these 15 measurements is then taken 
as the MLS zonal average for that latitude band. 
The two instruments have different vertical resolutions, roughly 5km for MLS 
and 2km for HALOE. HALOE data were taken from version 17 UARS L3AT 
files, which feature mixing ratio data on 6 pressure levels per decade, as given by 
equation 2.1. 
p,., = 1000 x 10_(n_1)16 hPa : n = 1, 37 	 (2.1) 
Because the MLS version 3 retrieval resolves only three pressure levels per decade, 
it was necessary to interpolate the MLS data on to the same vertical resolution 
as the HALOE data. For the periods used, the version 17 HALOE data was only 
consistently useful at pressures less than lOOhPa, because of interference by aerosol 
in the plume from the Mount Pinatubo cloud. MLS version 3 water vapour is also 
only reliable at pressures less than lOOhPa so results are given for pressures of 
46hPa and less. 
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2.4.3 Comparison of MLS version 3 with HALOE version 
17 
One of the time series used for the comparison spans 22 September - 15 Octo-
ber 1992 (UARS days 377-400), when the Antarctic "ozone hole" is at it most 
severe. This period was chosen because zonal means of water vapour mixing ratio 
measured by HALOE have already been published for it (Tuck et al., 1993). An 
example of the HALOE data plotted as a zonal mean is shown in figure 2-8. The 
vertical numbers along the top of the plot give the UARS day for the HALOE 
measurements made in each latitude range. The error ratio of the measurements 
is the ratio of retrieved error to the a priori error of 2ppmv. The dotted contours 
indicate thresholds in the zonal mean of the retrieved error ratio for the HALOE 
data used. Measurements for which the average error ratio is above 0.5 (retrieved 
error above 1.0 ppmv) should be assumed to be less reliable than measurements 
with lower error ratios. 
Figure 2-8 shows a dry tropical stratosphere, with water vapour increasing with 
latitude and with height. There is a clear pattern of ascent of air of low water 
vapour mixing ratio from the tropical lower stratosphere, which is the signal of the 
upward branch of the Brewer-Dobson circulation. The region of strongest upward 
motion appears to be slightly north of the equator in the upper stratosphere. 
This northern bias is expected for this northern autumn period, as the region of 
maximum ascent tends to follow the region of maximum solar heating (Carr et 
al., 1995). As expected the water vapour mixing ratio increases with height, due 
to the oxidation of methane through interaction with ultra-violet light. There is 
a slight suggestion of a "double peak" structure in the 4.5ppmv contour in the 
tropics, as described in section 1.2.5. 
Figure 2-9 shows the zonal mean in ascending MLS data, sampled in an equivalent 
pattern to the HALOE measurements. The UARS days for each MLS latitude 
sample are printed along the top of the plot, and are identical to those used 
for the HALOE data in figure 2-8. As in figure 2-8 the dotted contours represent 
thresholds in average error ratio for the MLS data used. MLS was in its northward 
facing mode during this period, so there are no data for latitudes poleward of 33 
S. 
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Figure 2-8: Zonal mean of HALOE version 17 sunset measurements of water 
vapour mixing ratio (ppmv) between 22 September and 15 October 1992 (UARS 
days 377-400), over the latitude range coincident with the latitude range of MLS 
measurements for the same period. The vertically printed numbers above the plot 
indicate the day of measurement of each latitude band. The dotted contours show 
the zonal mean in the retrieved error ratio. 
The MLS water vapour mixing ratio distribution in figure 2-9 is qualitatively 
similar to the HALOE water vapour mixing ratio in figure 2-8, but there are 
also some significant differences. The most obvious difference is that the vertical 
gradient in mixing ratio near 5hPa is much higher in the MLS results. Mixing ratios 
are slightly higher in the lower stratosphere of figure 2-9 than figure 2-8, but in 
the upper stratosphere they are up to 1.5ppmv higher in figure 2-9. There is a 
strong maximum at 0.1hPa in the MLS data in figure 2-9 which does not appear in 
the HALOE data in figure 2-8. This strong maximum is the "mesospheric notch" 
in MLS version 3 water vapour mixing ratios, which was discussed in sections 2.1.2 
and 2.3.1. 
Apart from the difference in the vertical gradient in mixing ratio the ascending 
branch of the Brewer-Dobson shows a similar pattern in figures 2-8 and 2-9. In 
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Figure 2-9: Zonal mean of MLS version 3 water vapour mixing ratio (ppmv), 
sampled in a pattern resembling the pattern of HALOE measurements, between 
22 September and 15 October 1992 (UARS days 377-400). The vertically printed 
numbers above the plot indicate the day of measurement of each latitude band. 
The dotted contours show the zonal mean in the retrieved error ratio. 
figure 2-9 the 6.Oppmv contour shows a hint of a double peak structure like that in 
the 4.5 ppmv contour in figure 2-8, which is at a similar pressure level. However, 
the 4.5 ppmv contour in the MLS water vapour mixing ratio at about 20hPa in 
figure 2-9 appears to have a strong double peak structure. There is no indication 
of a double peak at this level in the HALOE data in figure 2-8, although it may 
be hidden by the lower vertical gradient in the HALOE measurements and the 
0.5ppmv contour interval used. In the MLS results in figure 2-9 the pattern of 
ascent in the tropics appears to extend into the mesosphere in northern mid-
latitudes. The HALOE results in figure 2-8 show no indication that the pattern 
of ascent extends into the mesosphere. 
In order to quantify the differences between the retrieved water mixing ratios pro- 
duced by the two instruments the HALOE zonal mean in figure 2-8 is subtracted 
from the MLS zonal mean in figure 2-9. This gives the zonal mean difference 
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between the two measurements of water vapour mixing ratio which is shown in 
figure 2-10 The zonal mean difference for the period 14 July - 13 August 1992 is 
shown in figure 2-11. 
— 	 0 	 0) 	0) 	N 	CO 	tO 	' C') C —'00) CO N 
0) 	 0) 0 0) 0) 0) 0) 0) 0) 0) 0) 0) 0) N N N 















—20 	0 	20 	40 
Latitude 
Figure 2-10: Zonal mean difference in water vapour mixing ratio (ppmv) : MLS 
version 3 - HALOE version 17, 22 September - 15 October 1992 (UARS days 
377-400) 
The results in figures 2-10 and 2-11 show that there is a similar pattern of MLS-
HALOE difference during the two periods. MLS version water vapour mixing ratio 
is almost always higher than HALOE version 17 water vapour mixing ratio. The 
only exception is in small regions north of the equator in the lower stratosphere in 
both figures where the difference is slightly negative. In the lower stratosphere of 
both figures the difference is consistently less than 0.5ppmv in magnitude. There-
fore there is not a strong systematic difference between the two instruments in the 
lower stratosphere. 
The difference rises to above 1.0ppmv in the upper stratosphere. There are regions 
of the upper stratosphere to the south of the equator in figure 2-10 and above the 
equator in figure 2-11 where the difference exceeds 1.5 ppmv. At around 0.46hPa 
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Figure 2-11: Zonal mean difference in water vapour mixing ratio (ppmv) : MLS 
version 3 - HALOE version 17, 14 July - 13 August 1992 (UARS days 307-334) 
figures. The difference then increases strongly at 0.1hPa due to the mesospheric 
notch in MLS mixing ratios. Apart from the regions of negative difference north 
of the equator in the lower stratosphere, there is not a strong latitude dependency 
in the MLS-HALOE difference. 
The information contained in figures 2-10 and 2-11 can be used to calculate an 
average difference profile for that period, as shown in figure 2-12. The shape 
of the difference variation with pressure level is very similar in the two lines in 
figure 2-12. As described above, differences are less than 0.5 ppmv at pressures 
greater than lOhPa. The differences rise to '-4.4ppmv in the upper stratosphere, 
before decreasing to below 1.0ppmv on average at around 0.46hPa in the lower 
mesosphere. As described above and in section 2.1.2 the '-'3ppmv "notch" at 
0.1hPa is caused by a known intermittent problem in version 3 of the MLS retrieval. 
The MLS retrieved concentrations at this height are believed to be unphysically 
large. 
In this comparison no assumptions have been made to which of the two data sets 
is the most accurate. However, the magnitude of the difference between the water 
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Figure 2-12: Vertical profile in average difference in water vapour mixing ratio 
(ppmv), MLS version 3 - HALOE version 17. Solid line : 22 September - 15 
October 1992, dashed line : 14 July - 13 August 1992 
vapour mixing ratios measured by the two instruments, suggests that it would be 
unwise for any modeller to rely too heavily on comparisons with any single data 
set for validation purposes. 
2.5 Comparison with ISAMS and CLAES Water 
Vapour 
2.5.1 CLAES and ISAMS on UARS 
The two other UARS instruments which measure water vapour mixing ratios in the 
middle atmosphere are the Cryogenic Limb Array Etalon Spectrometer (CLAES) 
(Taylor et al., 1993) and the Improved Stratospheric and Mesospheric Sounder 
(ISAMS) (Roche et al., 1993a). CLAES and ISAMS both measure thermal infra-
red emissions along a limb of the atmosphere. They are both on the same side 
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of the UARS satellite, as MLS, figure 2-1. All three instruments cover the same 
range of latitudes on each day but they do not have exactly the same tangent 
points. ISAMS is capable of operating in either a northward facing or southward 
facing mode, regardless of the, yaw direction of the satellite, but normally looks in 
the same direction as CLAES and MLS. 
The infra-red detectors on CLAES and ISAMS need to be cooled to minimise ther-
mal noise. CLAES used a cryogenic coolant, which cools the detectors to _2600  C, 
but limits the working lifetime of the instrument to only 18 months. ISAMS used 
a Stirling-cycle refrigerator system to cool the detectors to —195° C. CLAESob-
serves 9 wavelength bands between 3.5 and 12.7 pm, and measured mixing ratios 
of 12 species, including several nitrogen and halogen compounds. ISAMS observes 
8 wavelength bands between 4.6 and 16.6 1am and measured mixing ratios of 9 
species, including several nitrogen compounds. 
The ISAMS water vapour measurements are not valid at pressures greater than 
lOhPa due to the strong effect of volcanic aerosol from the Mount Pinatubo erup-
tion on the transmission of the lower stratosphere. The aerosol was present in the 
lower stratosphere throughout the whole period of ISAMS operation (Trepte et al., 
1993). Goss-Custard et al. (1996) describe the validation of the ISAMS version 9 
water vapour retrieval. Goss-Custard et al. (1996) find that in the ISAMS version 
9 retrieval, volcanic aerosol influences retrieved mixing ratios at pressures as low 
as lOhPa (Goss-Custard et al., 1996). They estimate the "quality" errors, the 
total operational errors on the ISAMS water vapour mixing ratio measurements, 
as -.'15% between lOhPa and lhPa, rising to at O.lhPa. The CLAES version 
7 measurements are not as strongly affected by the presence of volcanic aerosol 
in the lower stratosphere as ISAMS measurements, and its useful range of mea-
surement extends to lOOhPa. CLAES version 7 water vapour measurements are 
not available at pressures below 0.46hPa. A validation of CLAES water vapour 
measurements is still to be published. 
2.5.2 Zonal mean differences 
CLAES and ISAMS both have similar global coverage to MLS, but the measure- 
ments are not coincident. It is therefore simplest to do a comparison of CLAES 
Chapter 2. The Microwave Limb Sounder and its Validation 	 53 
and ISAMS measurements with MLS measurements on a zonal mean basis. Be-
cause all three instruments cover the whole latitude range in a single day, it was 
not necessary to average these results over a yaw period. For each instrument, a 
day's worth of mixing ratio profiles were zonally averaged in 2.8° latitude bands. 
Each plot is made up of 40 latitude bands between 33S and 80N. 
Figure 2-13 shows the zonal mean water vapour mixing ratios for all three instru-
ments on 10 January 1992. This is one of the official UARS validation days. As 
described above, both CLAES and ISAMS measurements are valid over a smaller 
range of pressures than MLS measurements. Both ISAMS and CLAES zonal 
means have been plotted using nighttime data only, becaues both retrieval suites 
have problems when the molecules are not in a state of local thermoequilibrium. 
The general structure of the zonal mean in MLS water vapour in figure 2-13a is 
similar to that in figure 2-9, apart from some seasonal differences which will be 
described below. The zonal mean of MLS water vapour mixing ratio in figure 2-
13a is only shown at pressures up to 46hPa because at lOOhPa the MLS-retrieved 
mixing ratios are dominated by the a priori climatology. 
Figure 2-9 is from the northern autumn period of 1992, and indicates the region 
of fastest ascent in the tropics is slightly north of the equator during this period. 
Figure 2-9 also features signs of a double-peak structure in the ascending branch 
of the Brewer-Dobson circulation in both the upper and middle stratosphere. In 
the northern winter in figure 2-13a the upward branch of the Brewer-Dobson cir-
culation is strongest to the south of the equator, indicating that it tends to follow 
the region of strongest diabatic heating. There is no sign of a double peak struc-
ture of the upper stratosphere, but a slight hint of one in the 4.5 ppmv contour 
near lOhPa. As discussed in section 1.2.5 the double peak structure is expected 
to be strongest during equinoctial periods. In figure 2-13a the mid-latitudes of 
the northern hemisphere stratosphere are well mixed. There are meridional mix-
ing ratio gradients in the high latitudes of the lower stratosphere indicating the 
presence of the polar winter vortex, although the edge of the vortex is strongly 
blurred in the zonal mean. 
In contrast, many of the features of the ISAMS zonal mean mixing ratio distri 
bution shown in figure 2-13b do not relate to structure in the real atmosphere. 
There is a strong mixing ratio maximum of over 8.Oppmv at lOhPa in the trop- 
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Figure 2-13: Zonal mean water vapour mixing ratio (ppmv) on 10 January 1992 
produced using: (a) MLS version 3 ; (b) ISAMS version 9 ; (c) CLAES version 7 
(smoothed) 
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ics, where the signal of ascending air of low mixing ratio should be. Roche et 
al. (1993b) attribute this tropical maximum at lOhPa to the strong influence of 
volcanic aerosol on the radiance measurements at this level. The mixing ratio of 
'.'5.5ppmv at 2.2hPa in the tropics is more realistic, and similar to the mixing ratio 
in the MLS zonal mean in this region. In figure 2-13b there are significant merid-
ional gradients in the northern mid-latitudes of the upper stratosphere. There is 
also a strong maximum of '-..'8.00ppmv centred at r'  66°N in the lower mesosphere. 
Neither of these features can be linked directly to known physical features of the 
middle atmosphere. 
The zonal mean of MLS version 3 mixing ratios subtracted from ISAMS version 
9 mixing ratios is shown in figure 2-14. From figure 2-14 it is clear that the 
two instruments are in reasonable agreement in the tropical region at pressures 
of 4.6hPa or less. The difference reaches more than 3.Oppmv in the tropics at 
lOhPa where the ISAMS retrieved mixing ratios are known to still be strongly 
influenced by the presence of volcanic aerosol for the Mount Pinatubo eruption. 
There appears to be a significant latitude dependence in the differences between 
the ISAMS and MLS retrieved mixing ratios. At pressures less than lOhPa the 
difference is consistently higher outside the tropical region. ISAMS and MLS give 
similar values at O.lhPa, where the MLS "mesospheric notch" is known to make 
retrieved mixing ratios anomalously high, 
The CLAES zonal mean distribution in figure 2-13c is much more realistic in the 
tropical stratosphere than the ISAMS zonal mean distribution in figure 2-13b. In 
figure 2-13c the upward branch of the Brewer-Dobson circulation extends upwards 
from the lOOhPa level. There is a strong and narrow peak in the 4.Oppmv isopleth 
centred at 5°S. This peak fits in with the idea that the region of maximum ascent 
will follow the region of maximum diabatic heating (Carr et al., 1995). The peak in 
the CLAES data in figure 2-13c gives stronger indication of this phenomenon than 
the slight southern bias in the ascending branch of the Brewer-Dobson circulation 
in the MLS data in figure 2-13a. 
In figure 2-13c there is a strong minimum in water vapour mixing ratio centered 
on .-' 60°N in the lower-middle stratosphere. There is no obvious reason why there 
should be a minimum in water vapour near the edge of the northern polar vortex 
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Figure 2-14: ISAMS - MLS H20 Zonal Average, 10 Jan 1992 
and no evidence of it is seen in either of the other two data sets in figure 2-13. It 
therefore seems likely this minimum is a spurious feature. 
The CLAES measurements in figure 2-13c do not show a well mixed region in 
the mid-latitudes of the lower-middle stratosphere. They do show a fairly steady 
increase in mixing ratio with height. There is a small region of minimum mixing 
ratios at high latitudes in the middle stratosphere, with mixing ratios of below 
3.5ppmv occurring near 80°N. Water vapour mixing ratios are normally elevated 
inside the winter polar vortices, due to descent of air of high mixing ratio from 
the upper stratosphere and lower mesosphere, so it does not seem likely that this 
is a real feature of the atmosphere. There is also a sharp maximum at 80°N in 
the upper stratosphere, which has no obvious connection with any other features, 
and is probably also spurious. 
There is a bulge in the 5.5ppmv isopleth at 1.OhPa and .-55°N in the CLAES data 
figure 2-13c which may be related to the maximum centred slightly above this 
in the ISAMS results in figure 2-13b. This lends some support to this maximum 
being a real feature, but does not lead to an explanation of it. There is also a 
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Figure 2-15: CLAES - MLS H20 Zonal Average, 10 Jan 1992 (smoothed) 
Figure 2-15 shows the zonal mean of MLS mixing ratios subtracted from the zonal 
mean of CLAES mixing ratios for 10 January 1992. The differences are reasonably 
small in the lower stratosphere, but increase rapidly with height up to 4.6hPa. At 
4.6hPa and 2.2hPa the MLS mixing ratios are typically 2.00ppmv higher than 
CLAES mixing ratios in the tropics and sub-tropics. This difference is not within 
the combined estimated uncertainties in results from the two instruments. There-
fore there is a significant discrepancy between the two instruments in the upper 
stratosphere, which is similar to the difference between HALOE and MLS seen 
in section 2.4.3 in the same pressure range. The difference between CLAES and 
MLS becomes smaller at 0.46hPa, an effect which is also seen in the HALOE-MLS 
comparison. 
At 60°N MLS mixing ratios are 2.Oppmv lower than CLAES mixing ratios, a 4.0 
ppmv change from the difference at 40°N. The two spurious minima in CLAES 
mixing ratios at high latitudes means there is a significant latitude dependence 
in the CLAES-MLS difference, as there was in the ISAMS-MLS difference. The 
HALOE-MLS difference in section 2.4.3 did not exhibit a strong latitude depen-
dence. Therefore, although there may be systematic errors in MLS and HALOE 
data at certain altitudes, these errors do not vary strongly with latitude, so the 
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data can be considered reliable in studies of horizontal motions in water vapour 
fields. However, it was not possible to compare MLS and HALOE measurements at 
the highest latitudes, since their range of measurement never coincides at latitudes 
greater than 600. 
2.6 Comparison of MLS version 3 and version 4 
water vapour 
Towards the end of this project, MLS radiance measurements started to be repro-
cessed using version 4 of the retrieval suite. It was decided to repeat some of the 
studies performed in chapters 4 and 5 using the new version 4 water vapour and 
ozone mixing ratios. A full validation of version 4 mixing ratio measurements is 
still in progress, but initial results are given by Froidevaux et al. (1997). In this 
section details are given of the changes to the water vapour retrieval for version 4, 
and a short comparison of the version 3 and version 4 water vapour mixing ratios 
is described. A brief description of the changes to the retrieval of ozone mixing 
ratios for version 4 is included in section 2.7.2. Differences in the way particular 
structures in the middle atmosphere appear in version 3 and version 4 retrieved 
mixing ratios are discussed in detail in chapters 4 and 5. 
2.6.1 Changes to the water vapour retrieval for version 4 
There are several differences between version 3 and 4 of the MLS water vapour 
mixing ratio retrieval. The changes from version 3 to version 4 are listed below 
The a priori climatology is revised. Version 3 used a climatology based on 
seven months of LIMS measurements. Version 4 uses a climatology based 
on a combination of SAGE II and HALOE measurements. 
• The estimated angle between 183GHz and 63GHz radiometers is changed. 
Version 4 tangent heights are '-'180m higher than their version 3 equivalents. 
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• Several improvements to the retrieval of tangent pressure and temperature 
from 63GHz radiometer measurements are implemented in version 4, and 
these will affect the retrieval of water vapour mixing ratios. 
• Some frequency averaging approximations are removed from the forward 
model, which should improve radiative closure. 
• The sideband ratios for the band 5 filterbank have been revised. 
• Changes to the error budget mean the data quality values (retrieved errors) 
are slightly lower and more realistic in version 4. 
The version 4 data is believed to be more reliable at low temperatures in the 
polar regions at 46hPa than version 3 (Froidevaux et al., 1997). Version 3 water 
vapour mixing ratios are consistently higher than reliable measurements from other 
instruments. These systematic differences should be less in version 4. 
2.6.2 Zonal mean differences between version 3 and ver-
sion 4 water vapour mixing ratios 
Figure 2-16 shows zonal means of MLS version 3 (a) and version 4 (b) water 
vapour mixing ratio, and the version 4 zonal mean subtracted from the version 
3 zonal mean (c), for the period 14 - 23 February. The results are plotted on 
isentropic surfaces because this is the co-ordinate system applied in the results 
shown in chapters 4 and 5. The vertical scale is linear in the logarithm of potential 
temperature. Figure 2-17 is a plot of the zonal mean in potential temperature 
calculated from MLS version 3 temperatures and pressures. This is included to 
demonstrate the position of the isentropic surfaces used in figure 2-16. The vertical 
scale has been limited to the range used in plots in chapters 4, 5 and 6. 
Figures 2-16 a and b are both clearly affected by the same basic patterns of 
atmospheric motion for the stratosphere in northern winter. In the tropics there 
is the ascending branch of the Brewer-Dobson circulation. At the poles descent 
in the polar vortex brings air of high water vapour mixing ratio from the upper 
stratosphere and mesosphere down into the middle and lower stratosphere. These 


































































—50 	 0 	 50 
Equivalent Latitude 
Figure 2-16: Zonal means of (a) version 3 water vapour mixing ratio; (b) version 
4 water vapour mixing ratio; (c) version 3 - version 4 water vapour mixing ratio; 
for 14 - 23 February 1993 
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and other features in the MLS version 4 water vapour mixing ratio data are studied 
for the same period in more detail in chapter 4. The most obvious difference 
between the two versions of the data is that the vertical gradient in mixing ratio 
appears to be much greater in version 3 than in version 4. Maximum mixing ratios 
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Figure 2-17: Zonal mean potential temperature, from MLS version 3 tempera-
ture and pressure, 14 - 23 February 1993. 
In the zonal mean difference in figure 2-16c there is a strong vertical gradient in 
the difference between version 3 and version 4 water vapour mixing ratio. Apart 
from in specific regions in northern mid-latitudes between 740K and 840K, and 
below 585K in the tropics, version 3 mixing ratios are consistently greater than 
version 4 mixing ratios. There is a rapid increase in the version 3 - version 4 
difference between 940K and 1260K (equivalent to -'lOhPa and .-.-'4.6hPa). The 
maximum version 3 - version 4 difference exceeds 0.9ppmv at 1950K (.-..'lhPa). 
Figure 2-18 shows the average difference between version 3 and version 4 against 
potential temperature for the 14 - 23 February 1993. The average difference is 
0. l4ppmv at 530K, and drops to almost zero at 740K and 840K. The average 
difference then rises fairly steadily with height, reaching 0.9ppmv at 1950K. 
There is some systematic latitudinal variation in the version 3 - version 4 difference 
in figure 2-16c. At 530K the difference is -'-0.1ppmv in the tropics, but reaches 
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Figure 2-18: Average of version 3 - version 4 water vapour mixing ratio, for the 
period 14 - 23 February. Average not weighted by relative area of latitude bands. 
'-.'0.2ppmv near 60°N. In figures 2-16a and b there is a significant difference in 
the mixing ratios found in the tropical and polar regions. The change in the 
version 3 - version 4 difference with latitude at 530K may well be due to slight 
differences in the estimation of high and low mixing ratios, rather than a pure 
latitude dependency in the retrieved mixing ratios in either of the two versions. 
There is also a slight variation with latitude between 740K and 840K, with slightly 
negative differences seen in mid-latitudes, and slightly positive differences in the 
tropics. Again these slight differences seem to relate to regions of different mixing 
ratio in figure 2-16a. 
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2.7 MLS 205 GHz ozone measurements 
2.7.1 Measurement and validation of 205 GHz ozone mix-
ing ratios 
In this dissertation ozone measurements from the 205 GHz radiometer on MLS 
are used in chapters 4 and 5 to supplement the results obtained from the study 
of MLS water vapour measurements. The 205 GHz radiometer and its associated 
filter banks operate in exactly the same fashion as the 183 GHz radiometer and its 
associated filter banks, as described in section 2.1.2. The shape of the ozone emis-
sion line centred on "-p206.1 GHz is determined using the MLS band 4 filterbank. 
The radiance information is processed into retrieved mixing ratios using a similar 
scheme to that used for 183 GHz water vapour measurements, section 2.1.3. An 
overview of the MLS ozone measurements is given by Froidevaux et al. (1994). 
Froidevaux et al. (1996) give a summary of the use of MLS 205 GHz radiometer and 
183 GHz radiometer measurements to retrieve stratospheric ozone mixing ratios. 
Froidevaux et al. (1996) then describe the validation of MLS 205 GHz and 183 GHz 
ozone measurements. As in the validation of MLS water vapour measurements 
described by Lahoz et al. (1996b) they test radiance closure, estimate precision 
and accuracy using both error calculation and instrument self-comparison, and do 
comparisons with several correlative data sets. Their error estimates for 205 GHz 
ozone are summarised in table 2-2. 
2.7.2 Changes to the retrieval of 205 GHz ozone for version 
4 
There are several changes to the retrieval of 205 GHz ozone between version 3 and 
version 4. These changes are described by Froidevaux et al. (1997) and can be 
summarised as follows 
9 The estimate of the angle between the 205 GHz and 63 GHz radiometer 
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has been changed, resulting in tangent heights r'-'  430m higher in version 4 
measurements relative to equivalent version 3 measurements. 
. In version 4 nitric acid is retrieved from the band 4 radiance measurements, 
and this is believed to improve the retrieval of ozone from band 4. 
. Improvements to the retrieval of tangent pressure and temperature also have 
an effect on retrieved ozone profiles. 
The appearance of particular atmospheric features in version 4 of the 205 GHz 
ozone measurements are discussed in chapters 4 and 5. 
Table 2-2: Single profile precision and estimated accuracy for MLS 205 GHz 
ozone measurements, taken from Froidevaux et al. (1996) 
Pressure (hPa) Precision (ppmv) FAccuracy (ppmv) 
0.46 0.37 0.3 
1.0 0.31 0.3 
2.2 0.23 0.3 
4.6 0.20 0.3 
10 0.18 0.3 
22 0.16 0.4 
46 0.22 0.4 
2.8 Summary 
In this chapter the purpose, design and operation of the Microwave Limb Sounder 
(MLS) on the UARS satellite are described, followed by a discussion of the vali-
dation of MLS water vapour measurements, and a description of contributions to 
the validation performed as part of this project. 
MLS measures atmospheric thermal radiation at millimetre wavelengths. These 
measurements are used to discern the shape and intensity of spectral lines gener- 
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ated by particular gases in the middle atmosphere. Retrieval software combines 
information from these radiance measurements with an a priori climatology to give 
temperature, pressure and trace gas mixing ratio measurements between 46hPa 
and 0.01hPa. Water vapour and ozone mixing ratios used in this dissertation 
are retrieved from radiance measurements made by the 183GHz radiometer and 
205GHz radiometer respectively. There is a problem with the version 3 water 
vapour retrieval at 46hPa and high latitudes in cold conditions, when it over-
estimates the effect of opacity on the measurements. 
Lahoz et al. (1996b) describe the validation of MLS 183 GHz water vapour mix-
ing ratios. They test the closure of the MLS forward model and retrieval using 
radiances calculated from retrieved mixing ratios, and retrievals performed on sim-
ulated radiance fields. They find there is fairly good closure between the retrieval 
and forward model, but also find some systematic errors. Lahoz et al. (1996b) 
estimate instrument precision by direct calculation, study of mixing ratio variance 
in the tropics, and comparisons of near-coincident measurements which occur in 
the MLS tangent track. The last of these precision estimates was performed as 
part of this PhD project, and full details are included. 
Overall precision is estimated to vary from less than 0.2ppmv in the lower strato-
sphere to up to 0.45ppmv in the lower mesosphere. There is a intermittent problem 
at 0.1hPa causing a "mesospheric notch" of unphysically high mixing ratios in a 
significant proportion of profiles. This intermittent problem gives rise to low pre-
cision at pressures of O.lhPa and less. Lahoz et al. (1996b) estimate the accuracy 
of the water vapour mixing ratio measurements by combining estimates from sev -
eral sources of possible systematic error. This gives an estimated accuracy which 
varies between 0.5 and 1.2ppmv in the stratosphere and mesosphere, at pressures 
greater than 0.1hPa. 
Lahoz et al. (1996b) describe comparisons of water vapour mixing ratio measure-
ments made by MLS with measurements made by balloon-mounted frost-point 
hygrometers, a balloon-mounted far-infrared spectrometer, a ground based mi-
crowave vertical sounder and the HALOE instrument on the UARS satellite. The 
comparison with HALOE was performed as part of this PhD project and full de-
tails are included in this chapter. MLS measurements were sampled in a pattern 
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mimicking the pattern of HALOE occultation measurements. The two sets of 
results were then compared in the zonal mean. 
The combined evidence from these comparisons indicate that MLS measures water 
vapour mixing ratios fairly accurately in the lower stratosphere, but over-estimates 
mixing ratios in the upper stratosphere by up to 1.5ppmv. Original comparisons 
of MLS water vapour measurements with measurements from ISAMS and CLAES 
on UARS are also described in this chapter. Calculated zonal mean differences 
between MLS and ISAMS, and MLS and CLAES, both show significant and dif-
ferent dependencies on latitude. No significant latitude dependence was seen in 
the differences between MLS and HALOE, indicating MLS and HALOE are both 
more consistent over the whole latitude range than CLAES and ISAMS. 
Version 4 of the retrieval software features several improvements over version 3. 
These include changes to reduce the problem of opacity at high latitudes, a revised 
a priori climatology, and improved pointing accuracy. The systematic zonal mean 
differences between version 3 and version 4 data were studied for a northern late-
winter period. There was a significant vertical gradient in the version 3-version 
4 difference, with small differences in the lower stratosphere increasing to up to 
0.9ppmv in the upper stratosphere. Version 4 results are therefore closer than 
version 3 to other correlative data sets in the upper stratosphere. 
This chapter has demonstrated that the MLS measurements of water vapour and 
ozone mixing ratios are sufficiently accurate and reliable to be used in studies of 
stratospheric dynamics. In chapter 4, the use of water vapour mixing ratio data 
to study the confinement of air in the polar vortices and the level of mixing inside 
the polar vortices will be described. In chapter 5, the evolution of the Antarctic 
vortex is studied using water vapour and ozone mixing ratios. The evolution of 
cross-equatorial differences in water vapour mixing ratios is studied in chapter 6. 
Before these accounts, Chapter 3 records how UKMO assimilated wind data is 
used to calculate isentropic potential vorticity and equivalent latitude. 
Chapter 3 
Application of Equivalent Latitude 
3.1 Introduction 
When comparing the tracer mixing ratio differences between hemispheres and 
for different years it is useful to separate out the effects of vortex dynamics as 
much as possible. To map the development with time or distribution with height, 
necessitates the removal of at least one horizontal spatial co-ordinate. 
Although the polar stratospheric vortex is normally reasonably symmetric, it is 
rarely centred precisely above the pole. Its shape can also sometimes become quite 
distorted, especially in the northern hemisphere, where it has been known to split 
in two for a few days at a time (eg. Manney et al. 1994a). Trying to study 
variations as if the system was consistently latitudinally dependent is therefore 
not the best approach. 
Potential vorticity (PV) on an isentropic surface is often employed as an alternative 
co-ordinate to latitude for zonal mean style plots. Mixing ratios are normally 
conserved within a tube of PV and potential temperature (Schoeberl et al., 1992). 
This is not true for chemically active molecules, like ClO and 03 , when a tube 
crosses both sunlit and dark regions, or has PSCs along only part of its length. 
PV can also be used to define the vortex edge, allowing time variation in a vortex-
averaged quantity to be plotted. However, the range and distribution of absolute 
potential vorticity in the vortex, varies between different years and the two hemi-
spheres. Using PV as co-ordinate makes intercomparison more difficult and does 
not preserve information about the horizontal area of features. The equivalent 
latitude (Buchart and Remsberg, 1986) of a PV contour is the latitude of a cir- 
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cle which encloses the same surface area about the pole as that PV contour does 
around the point of most extreme PV. It is a co-ordinate which utilises PV to 
locate the vortex, but conserves real horizontal area. Its use with MLS data for 
model initialisation has been demonstrated by Lary et al. (1995). 
3.2 The UKMO assimilation 
The UK Meteorological Office (UKMO) stratosphere-troposphere data assimila-
tion system (Swinbank and O'Neill, 1994a) was developed to provide correlative 
wind and temperature data to the UARS project. It is a development of the sys-
tem used for operational weather forecasting at the UKMO (Lorenc et al., 1991). 
The assimilation system is essentially a global numerical model of the troposphere 
and stratosphere, known as the UKMO unified model, which is adjusted towards 
real observations at each time step. It produces global fields of zonal and merid-
ional wind, temperature, and geopotential height, which can be used to provide an 
independent check on UARS wind and temperature observations, and in a variety 
of dynamic and tracer advection studies. 
The UKMO data assimilation system allows a wide variety of different obser-
vation types to influence the final analysis. The largest source of stratospheric 
data is temperature soundings from the TIROS-N series of polar orbiting satel-
lites operated by NOAA. Another very important source of data is radio-sonde 
observations, although they only have patchy geographical coverage and are typ-
ically only available up to the 50hPa level. Observations of the troposphere from 
aircraft, surface pressure measurements, and satellite cloud-track winds are also 
used. Observations from instruments on UARS are to be included in later versions 
of the analyses. All observations are strictly monitored for reliability. They are 
also checked against a numerical forecast, and observations found to be grossly 
in error are discarded. Each type of observation has its own associated error and 
bias, which are taken into account by the assimilation. 
The UKMO unified model uses 42 levels between the surface and the mesosphere, 
and has a vertical resolution of about 1.6km. The analysed fields for the UARS 
project are produced for 1200 UT on each UARS day. They are interpolated onto 
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the standard UARS pressure levels, with 6 levels per decade between 1000hPa and 
0.361hPa. The horizontal resolution of the fields are 2.5° in latitude by 3•750  in 
longitude, giving a grid with 96 x 73 grid points. 
Swinbank and O'Neill (1994b) compared UKMO analysed winds with radiosonde 
observations over Singapore. They find that the UKMO analyses reproduce the 
Q BO in tropical zonal wind in the lower stratosphere, and analysed winds interpo-
lated over Singapore are in good agreement with the observations over Singapore. 
Swinbank and O'Neill (1994b) also find that the analysis reproduces the SAO in 
equatorial wind in the upper stratosphere, despite the fact that the only obser-
vations at this level are satellite temperature soundings which have low vertical 
resolution. Manney et al. (1996b) compare the UKMO analysed winds with anal-
ysed winds derived from the temperature and pressure analyses of the National 
Meteorological Center (NMC) analysis, which is also part of the UARS correlative 
data set. They find that both analyses capture the large scale evolution of circu-
lation in the northern and southern winter stratospheres, but the UKMO analyses 
feature more realistic vertical gradients in temperature. The UKMO analyses are 
shown to have occasional difficulty in representing cross-polar flow, and curvature 
changes in high latitudes. 
3.3 Calculation of Isentropic Potential Vorticity 
In order to calculate equivalent latitude, a global field of PV on isentropic surfaces 
must be calculated. A review of the derivation and use of isentropic potential 
vorticity is given by Hoskins et al. (1985). PV is calculated from the UKMO 
wind fields, which were described in the previous section, 3.2. In this section the 
steps necessary to calculate PV from the UKMO wind fields are described. The 
algorithm used for the calculation of PV throughout this project is based on these 
steps. 
PV is conventionally defined as given in equation 3.1, assuming hydrostatic equi-
librium, where f is the Coriolis parameter, equal to 21sinq5, and ( is the vertical 
component of relative vorticity. The factor inside the brackets, ((+ f), is absolute 
vorticity. For this quantity to be conserved in adiabatic, frictionless, hydrostatic 
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motion it must be multiplied by to allow for stretching (compression) of the 
gaps between isentropic surfaces, which will tend to accelerate (decelerate) the ab-
solute rotation of a cylinder of air of fixed volume. The formula for ( in cartesian 
co-ordinates is given in equation 3.2. 
l \ 




For ( to be calculated on the UKMO latitude-longitude grid it must be transformed 
into spherical polar co-ordinates. Equation 3.3 gives the formula for (in spherical 
polar co-ordinates, where 0 = longitude, and q = 90 -latitude. 
1 (au 	u 	1 Ov\ 
+ 	— J 	 (3.3) 
RE ô tanq sinçb OOj 
(is calculated on a complementary grid to the UKMO zonal and meridional winds. 
This puts it on the same grid as the UKMO temperatures and geopotential height. 
Therefore (at longitude grid point k, and latitude grid point 1, is at the centre of 
a box of 3.75° longitude by 2.5° latitude, formed by four grid points which have 
meridional and zonal wind values assigned to them. We can arbitrarily number 
these four grid points, going clockwise from the top-left, as (1) (i-1,j); (2) (i,j); 
(3) (i,j-1); (4) (i-1,j-1). The wind terms in equation 3.3 can then be calculated 
from the wind in the four corners. 
The zonal wind at the centre of the box, uk,j,  is simply the average of the zonal 
wind at the four corners 
Uk,1 = 
U1 + U2 + U3 + U4 
4 
(3.4) 
The zonal gradient in meridional wind, and the meridional gradient in zonal wind 
are calculated as follows 
Ov - 1 (V2 + V3 vi+v4\ 180 
- ) 	
(3.5) 
ô03.75 2 2 
au - 1 	(Ul + U2 U3 + u4 180 
(3.6) 
32.5 - 2 2 
(is calculated for all i and j. PV can then be calculated on each pressure level using 
pressure and temperature from the UKMO files to calculate LO , and interpolated 
OP 
onto the chosen isentropic surfaces. 
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3.4 The Equivalent Latitude Calculation 
The calculation of described in section 3.3 provides a global field of isentropic 
potential vorticity on an equally spaced longitude-latitude grid of 96 x 73 points, 
P. To use this PV field to determine the relationship between PV and equivalent 
latitude involves "filling" the globe from south pole to north pole with grid points 
sorted into PV order. 
An area of 27rR 2 %J is assigned each of the PV grid points in the array P. This 
information is used to create an array, A, of the horizontal area associated with 
each grid point, sorted into potential vorticity order. This array can be summed 
into an array S, the total area filled, at a particular PV, from the equivalent south 
pole northwards. If b is the number of grid points summed 
b 
Sb = > Aa 
	 (3.7) 
a=1 
Equivalent co-latitude, qY can then be assigned to these points using the following 
equation. 
Oil
- 	 - 2 




There is also an array, R, which contains the PV every grid point contained in 
P, sorted into PV order like A. The array qS' and the array R can then be used 
together to assign a value of equivalent latitude for any measurement made on 
that day. To do this the measurement must be interpolated onto the isentropic 
surface being used, and a value of PV interpolated to its position from the UKMO 
grid. 
Some of the studies shown in chapters 4, 5 and 6 use measurements interpolated 
onto several isentropic surfaces. The shape and size of the polar vortices can 
vary significantly with height. For these studies equivalent latitude is therefore 
re-calculated for each isentropic surface used. 
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3.5 Zonal means on equivalent latitude 
In order to calculate the MLS-measured zonal mean in equivalent latitude, the 
measured profiles must be interpolated onto isentropic surfaces, and then assigned 
values of potential vorticity. Potential temperature is calculated for the measure-
ments at every pressure level in a single profile using the MLS-measured temper-
atures. The mixing ratio values on the chosen isentropic surfaces can then be 
calculated by linear interpolation with respect to mO. This calculation is repeated 
for every profile measured in the UARS day. 
The version 3 and version 4 MLS retrieval are not reliable at pressures greater 
than 46hPa. No results are shown for isentropic surfaces below 530K, because this 
isentropic surface occurs at a maximum pressure just slightly less than 46hPa in 
the mid-latitudes of the southern hemisphere during winter, see figure 2-17. 
Once the MLS data for a single UARS day has been interpolated onto the same 
isentropic surfaces as the potential vorticity data, each mixing ratio value is as-
signed an associated value of potential vorticity. The PV calculated from the 
UKMO data is interpolated onto the position of each MLS measurement on each 
isentropic surface. The relationship between PV and equivalent latitude is calcu-
lated for each day by the method described in section 3.4. Each MLS measurement 
can be assigned an equivalent latitude by interpolation between the two closest 
values of PV from the array of PV at the grid point. 
The equivalent latitudes of the MLS measurements are subsequently treated ex-
actly the same as latitude for the purposes of the calculation of the zonal mean, 
except that the area originally covered by each measurement, proportional to cosçb 
is taken into account in the zonal average. For each isentrope the data are sorted 
in 2° bins in equivalent latitude, and then averaged using cosq as a weighting. 
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Figure 3-1: Zonal mean MLS water vapour mixing ratio (ppmv) on 15 February 
1992 on (a) equivalent latitude (b) normal latitude. Below dotted line, zonal mean 
retrieved error exceeds 0.5ppmv 
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3.6 Effect of equivalent latitude on zonal mean 
distribution 
The prime reason for using equivalent latitude for studying zonal mean distri-
butions is that it avoids the blurring of the vortex edge which occurs when you 
average around a latitude circle. It therefore provides a "vortex-centred" view of 
the stratosphere, and enhances the gradients at the vortex edge. This effect is 
illustrated in figure 3-1, which shows zonal means in MLS-measured water vapour 
mixing ratio (version 3) in the northern hemisphere for 15 February 1992 in both 
equivalent latitude and normal latitude. Equivalent latitudes beyond 80°N are not 
resolved in figure 3-1a because the centre of the vortex is close to the pole on this 
day, and therefore out of MLS measurement range. The actual shape of the Arctic 
vortex at 655K on 15 February 1992 is shown by the PV contour plot in figure 
3-3. 
Similar plots to figure 3-1 will be discussed in detail in chapter 4. The main 
features are (i) the winter vortex, north of approximately 70°N in equivalent 
latitude, (ii) strong planetary-wave mixing in the mid-latitudes of the lower and 
middle stratosphere, (iii) significant meridional gradients in the subtropics, (iv) the 
ascending branch of the Brewer-Dobson circulation in the tropics, (v) a tropical 
hygropause at 655K, (vi) strong meridional gradients in the mid-latitudes of the 
upper stratosphere associated with a strong westerly jet, where wave-breaking is 
suppressed (Dunkerton and O'Sullivan, 1996). 
The most obvious difference between figures 3-1 a and b is that the vortex edge 
is much better resolved in the equivalent latitude plot 3-1a. This difference is 
strongest in the lower stratosphere, but significant meridional gradients are visible 
up to 960K. The meridional gradients in PV are significant up to 1110K on the 
same day, see figure 3-6. There are also definite differences between figures 3—
la and b in the sub-tropics in the middle stratosphere and mid-latitudes in the 
upper stratosphere. These differences are clearer in figure 3-2, which shows the 
meridional gradient (11)  of the data shown in figure 3-1 
The clearest difference between figures 3-2a and b is at the vortex edge, as with 3- 
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Figure 3-2: Meridional gradient in zonal mean MLS water vapour mixing ratio 
on 15 February 1992 on (a) equivalent latitude (b) normal latitude. Contour units 
are ppmv degree'. Dashed lines indicate negative gradients. 
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Figure 3-3: PV (10-6  K kg' m2 s') at 655K on 15 Feb 1992 
2a and b above. The meridional gradients are much stronger in equivalent latitude. 
The maximum meridional gradient on equivalent latitude is '.'0.9ppmv degree - ' 
at about 68°N at 655K. The maximum meridional gradient on normal latitude is 
-0.4 ppmv degree' at 655K, and is located at around 58°N. This more southern 
location of the maximum meridional gradient in figure 3-2b reflects the fact that 
the vortex is elongated and extends south of 60 0 , as shown in figure 3-3. 
In figure 3-2a the two other regions of strong meridional gradients, the sub-tropics 
of the middle stratosphere and the mid-latitudes of the upper stratosphere are 
clearly resolved. The strong maximum in gradients in the mid-latitudes of the 
upper stratosphere is higher ("..'O.S ppmv degree') in equivalent latitude than in 
normal latitude ('.'0.4 ppmv degree'). The meridional gradients are not enhanced 
on all isentropes in equivalent latitude. In figure 3-2b the mid-latitude gradients 
can be observed extending down below 960K. The gradients are enhanced by 
equivalent latitude in the upper stratosphere, where there are significant merid-
ional gradients in PV associated with the subtropical westerly jet, as described by 
Dunkerton and O'Sullivan (1996) (see also figure 3-6). 
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The maximum gradients in the subtropics of the middle stratosphere are ' s-' 0.1 
ppmv degree- ' lower in equivalent latitude, figure 3-2a, than in normal latitude, 
figure 3-2b. This indicates that these gradients are not very strongly correlated 
with UKMO PV, and are related to radiative as well as dynamic processes. Use of 
equivalent latitude in zonal mean plots does not therefore improve the resolution 
of all meridional tracer gradients, but meridional tracer gradients associated with 
strong PV gradients are consistently more strongly resolved. 
3.7 Normalised PV gradients 
To study the effect of PV barriers on meridional mixing it is desirable to be able to 
compare the vertical distributions of zonal mean water vapour mixing ratio with 
some measure of the strength of meridional PV gradient. As shown in figure 3-4, 
actual values of PV increase rapidly with height, so horizontal or time varying 
structure would not be revealed in a vertical cross-section. Giving PV a similar 
range of values on each isentrope allows the strength of the PV gradients to be 
seen relative to the typical PV values at each potential temperature. Vertical 
structures in the relative strength PV gradients are revealed that could not be 
seen on a normal plot of the vertical distribution of PV. 
There are other methods of giving PV a similar range of values at different heights. 
Dunkerton and Delisi (1986) re-scale PV by dividing by a standard atmospheric 
value of static stability. This still leaves some vertical gradients, which would not 
be suitable for the results shown in this chapter. Lait (1994) uses a "Modified 
Potential Vorticity" (MPV), which is PV divided by a factor proportional to po-
tential temperature to the power of 4.5. MPV is probably conserved for longer 
than the method of dividing by standard value of static stability, which is different 
at different heights. 
Actual conservation of PV is not important in the studies in this dissertation, 
because PV is not being used as a tracer of atmospheric motion, but to define 
possible quasi-permeable barriers to meridional transport. In these studies a nor-
malised form of PV is used, which is calculated by dividing zonal means of PV by 
the global average of PV on each relavent isentrope. This is performed using an 
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Figure 3-4: PV (K kg-1 m2 s') on 15 Feb 1992 on equivalent latitude. Contours 
are at logarithmic intervals, with four contours equivalent to a change by a factor 
of 10 in PV. 
algorithm following the form of equation 3.9, where N is the zonal mean of the 
normalised PV, P is the zonal mean of standard PV. 
P0
N =24 Pcosq 	
(3.9) 
On every isentrope the zonal mean PV in each latitude bin is multiplied by a factor 
proportional to the surface area covered by the latitude range of the bin. The sum 
of these values is proportional to the area-averaged PV on each isentrope. The 
normalised PV is the zonal mean of PV on each isentrope divided by the relavent 
area-average. This normalised PV gives a qualitative measure of PV relative to 
the typical values of PV on each isentrope. Figure 3-5 shows the normalised PV 
version of figure 3-4. 
The lines of normalised PV in figure 3-5 are near vertical, allowing meaningful 
meridional gradients to be calculated, as shown in figure 3-6. There are sev-
eral interesting features in figure 3-6, including (i) high meridional gradients 
in normalised PV at the edge and near the centre of the polar vortex in north-
ern high latitudes; (ii) significant meridional gradients in normalised PV in the 
mid-latitudes of the upper stratosphere; (iii) significant meridional gradients in 
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Figure 3-5: Normalised PV on 15 Feb 1992 on equivalent latitude. Contours 
values give a dimensionless indication of PV divided by the global-average PV on 
each isentropic surface. 
normalised PV near the equator in the lower stratosphere; (iv) low meridional 
gradients in normalised PV in the mid-latitudes of the lower-middle stratosphere. 
The interhemispheric and interannual variation of meridional PV gradients in nor -
malised PV will be discussed in more detail in chapters 4 and 6. 
3.8 Summary 
The main reason for using equivalent latitude is that it allows the study of vertical 
structure or evolution in the zonal mean without the blurring of dynamically 
related structures in tracer fields which occurs when zonal means are used with 
normal latitude. 
In this project, equivalent latitude is calculated using assimilated wind data from 
the daily UKMO analyses which are part of the UARS correlative dataset. The 
UKMO analysis incorporates a wide variety of real atmospheric measurements 
into a physical model of atmospheric motion in the troposphere and stratosphere. 
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Figure 3-6: Meridional gradient in normalised PV on 15 Feb 1992 on equivalent 
latitude. Contours are at logarithmic intervals to reveal structure within areas of 
both low and high meridional PV gradient. 10 contours are equivalent to a change 
of a factor of 10 in meridional gradient in normalised PV. 
It has been shown to reproduce most aspects of large scale atmospheric motion 
accurately. 
PV on isentropic surfaces is calculated from the UKMO winds, for every point 
on the UKMO grid. This is done by calculating the relative vorticity for every 
grid point in spherical polar co-ordinates. This required the calculation of the 
meridional gradient in zonal wind, the zonal gradient in meridional wind, and the 
average zonal wind at each grid point. The coriolis paramater is added to relative 
vorticity to give absolute vorticity, and this is multiplied by 	to give PV. PV is ap 
then interpolated onto the isentropic surfaces selected. 
PV is used to assign equivalent latitudes to each MLS measurement on a UARS 
day. The globe is filled from pole to pole with grid points sorted into PV order, 
with the original area occupied by the grid points being conserved. This gives an 
array which can be used to interpret between PV and equivalent latitude. PV 
is interpolated onto each MLS measurent, which can then be given an equivalent 
latitude. The whole procedure is performed seperately for each isentropic surface 
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studied, because the shape of the vortex can vary significantly with height. Zonal 
means of MLS tracer measurements in equivalent latitude can then be produced 
for the stratosphere between 530K and 1950K, approximately 46hPa - 1.OhPa. 
Meridional gradients in normal and equivalent latitude zonal means are compared 
for the late winter northern hemisphere of 1992. Meridional tracer gradients at the 
vortex edge are much more strongly resolved in equivalent latitude. Meridional 
tracer gradients in the sub-tropics of the middle stratosphere are slightly weaker in 
equivalent latitude than in normal latitude, indicating these gradients are related 
to radiative as well as dynamic processes. 
Chapter 4 
Interhemispheric Comparison of 
Stratospheric Water Vapour 
4.1 Introduction 
The northern and southern stratospheric polar vortices are very different in char-
acter. The Antarctic vortex, lasts longer, is more stable and is colder than the 
Arctic vortex. More Polar Stratospheric Clouds (PSC) form in the colder Antarc-
tic, providing surfaces for inhomogeneous chemistry and leaving the vortex air 
dehydrated. These conditions lead to the measured interhemispheric differences 
in chemical species like 03 , H2 0, Gb, and N0 in the lower stratosphere (Santee 
et al., 1995). 
The MLS H20 dataset provides an important opportunity to contrast the be-
haviour of the polar stratosphere in the two hemispheres. In this chapter the 
distributions of MLS water vapour in the northern and southern hemispheres in 
late winter are compared on equivalent latitude (see chapter 3). The aim is to 
resolve mixing patterns inside the polar vortices, and to determine the influence 
of the vortex air on mid-latitude mixing ratios. 
As discussed in section 1.2.7 an early version of HALOE measurements of lower 
stratospheric water vapour during southern late-spring 1992 indicated there was 
mixing of dehydrated air from the Antarctic winter vortex into southern mid- 
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latitudes. By assuming this mixing was occuring continuously over the approxi-
mately 100 days during which the vortex was dehydrated Tuck et al. (1993) es-
timated a vortex flushing time scale of around thirty days. This implied that 
the vortex was acting like a "flowing processor", with rapid descent, and mixing 
of dehydrated air into mid-latitudes. These results were supported by modelling 
studies by Mote et al. (1993). 
More recent studies by Schoeberl et al. (1995), Mote (1995) and Abrams et al. 
(1996a) have cast severe doubt on the flowing processor theory. These studies 
have indicated little mixing of dehydrated air into southern mid-latitudes is taking 
place, and descent rates inside the vortex are much slower than would be needed 
to explain the results of Tuck et al. (1993). Manney et al. (1994b) predict that 
in the lower stratosphere diabatic descent over winter is concentrated in a collar 
around the edge of the Antarctic vortex, but more evenly distributed in the Arctic 
vortex. They also find that descent is concentrated at the vortex centre in the 
upper stratosphere and fairly evenly distributed in the middle stratosphere inside 
both vortices. 
Mixing rates inside the polar vortices in the lower stratosphere have an impor-
tant effect on the destruction of ozone by heterogeneous chemistry (Edouard et 
al., 1996). As discussed in section 1.2.7 there are several contrasting estimates of 
mixing rates inside the polar vortices. A contour advection study by Chen et al. 
(1994b) indicate there is a strong stirring of the inner part of the Antarctic vor-
tex. This is supported by the in situ measurements of Vömel et al. (1995) which 
indicated the interior of the Antarctic vortex is well mixed. However, modelling 
studies by Manney et al. (1994b) and Bowman (1993a) predict that there is lit-
tle isentropic mixing inside the Antarctic vortex. Manney et al. (1994b) predict 
that there is more mixing inside the Arctic vortex. Earlier balloon measurements 
by Hoffman et al. (1991) indicate there is significant inhomogeneity inside the 
Antarctic vortex, but that the Arctic vortex is normally well mixed. 
In this chapter, a comparison is made of zonal mean water vapour mixing ratios 
in the lower stratosphere of both hemispheres during late winter, as measured by 
MLS. This is used to determine the influence of the dehydrated region inside the 
vortex on mid-latitude mixing ratios. If there is significant mixing across the edges 
of the polar vortices in the lower stratosphere as predicted by Tuck et al. (1993), 
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average water vapour mixing ratios in the southern mid-latitudes should be signifi-
cantly lower than in northern mid-latitudes during the equivalent period. Plotting 
the vertical structure of the zonal mean mixing ratio on equivalent latitude should 
emphasise any consistent structure in tracer mixing ratios inside the vortices. Any 
significant structure found inside the Antarctic vortex will support the results of 
Hoffman et al. (1991) over those of Vömel et al. (1995) in this respect. 
4.2 The lower stratosphere 
4.2.1 General features 
In order to compare the different influence of the northern and southern vortices 
on mid-latitude mixing ratios in the lower stratosphere, data from the two north-
ern spring yaw periods and one southern spring yaw period available are plotted 
against absolute latitude on the same axes. Figure 4-1 shows the zonal mean MLS 
water vapour mixing ratio at 530K on normal latitude (bold lines) in the southern 
hemisphere for 15 - 24 August 1992 and in the northern hemisphere for 15 - 24 
February 1992 and 15 - 24 February 1993. The 530K isentrope was chosen because 
it is the lowest isentrope which does not extend below the 46hPa pressure surface 
in mid-latitudes. The zonal mean potential vorticity at 530K for each period is 
also shown (feint lines) to give an indication of the position of the vortex edge. 
Figure 4-1 illustrates the known interhemispheric differences in lower stratospheric 
water vapour. The strong dehydration evident at high latitudes in the southern 
hemisphere late-winter is a result of condensation of water vapour into ice or 
hydrates of nitric acid to form polar stratospheric clouds, and the subsequent 
sedimentation of larger ice particles Vömel et al (1995). Typical lower stratospheric 
temperatures during the winter season in the Antarctic are less than the threshold 
for formation of type I PSCs. This causes any air descending into this region 
to have its higher water vapour content rapidly frozen out (Vömel et al., 1995). 
In contrast, the warmer Arctic vortex does not feature widespread dehydration, 
and its water vapour content rises during the winter season, due to strong descent 
(Schoeberl et al., 1992). The lines of zonal mean potential vorticity all peak 
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Figure 4-1: Zonal mean MLS version 4 water. vapour mixing ratio at a poten-
tial temperature of 530 Kelvin (bold lines) and zonal mean isentropic potential 
vorticity (feint lines), versus absolute latitude. Southern hemisphere 15 - 24 Aug 
1992 (solid line); northern hemisphere 15 - 24 Feb 1992 (dashed line); northern 
hemisphere 15 - 24 Feb 1993 (dotted line). The typical retrieved error on the mean 
mixing ratio is 0.05ppmv. 
slightly short of 900.  This is an indication that none of the vortices is precisely 
centred on the geographic pole. The 1992 northern late-winter vortex shows the 
sharpest drop in PV between this maximum and the pole. This is because the 
1992 northern late-winter vortex was highly distorted during this period, as shown 
in figure 3-3. 
Figure 4-2 is identical to figure 4-1 except that the zonal mean has been calculated 
on equivalent latitude. Comparing figure 4-1 to figure 4-2, the effect taking equiv-
alent latitudes is clear. Both the northern and southern winter vortices are more 
strongly resolved, because the blurring effect of a zonally non-symmetric vortex is 
much reduced. A strong maximum in water vapour mixing ratio is also resolved 
at the edge of the Antarctic vortex. This is probably due to strong descent at 
the edge of the Antarctic vortex. It has been suggested that descent is concen-
trated in a collar inside the edge of the vortex in the lower stratosphere during 
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Figure 4-2: Zonal mean MLS version 4 water vapour mixing ratio at a potential 
temperature of 530 Kelvin (bold lines) and zonal mean isentropic potential vor-
ticity (feint lines), versus absolute equivalent latitude. Southern hemisphere 15 - 
24 Aug 1992 (solid line); northern hemisphere 15 - 24 Feb 1992 (dashed line) 
northern hemisphere 15 - 24 Feb 1993 (dotted line). The typical retrieved error on 
the mean mixing ratio is i--' 0.05ppmv, rising to "-' 0.25ppmv beyond 800  equivalent 
latitude. 
this period (Manney et al., 1994b). The fact that interhemispheric differences are 
emphasised in equivalent latitude means they are well correlated with PV, and 
therefore related to the dynamics of the polar vortices. 
4.2.2 Differences in the tropics 
Figures 4-1 and 4-2 both show net differences at the equator between the three 
periods. The yaw periods being compared for the two hemispheres are six months 
apart. There is an approximately annual signal of tropopause temperature pre-
served in the water vapour mixing ratio of air rising through the tropical lower 
stratosphere (Mote et al., 1995). This is the tropical "tape-recorder" signal, which 
is discussed in detail in section 1.3. There are strong equatorial differences between 
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southern late-winter 1992 and northern late-winter 1992, and between southern 
late-winter 1992 and northern late-winter 1993. There is a smaller interannual 
difference between the two northern late-winter periods. Figure 4-2 indicates the 
interannual differences in the tape recorder signal are smaller than the intersea-
sonal differences. There is a strong meridional gradient in the sub-tropics of the 
southern hemisphere in 1992 in figure 4-2. This meridional gradient in the sub-
tropics suggests a sub-tropical barrier has been resolved in the MLS water vapour 
mixing ratio measurements. 
The interannual difference between the two northern hemisphere periods is due 
to a modulation of the ascent rate in the tropics by circulations associated with 
the QBO (Mote et al., 1996), which is in opposite phases in the two northern 
spring periods. In the northern late-winter of 1992 the QBO in its easterly phase 
in the lower stratosphere, and in the northern late-winter of 1993 the QBO is in 
its westerly phase in the lower stratosphere. When the vertical shear in tropical 
zonal wind in the lower stratosphere is easterly, ascent in the tropics is faster. 
Vertical shear was negative between November 1991 and May 1992. The QBO is 
only expected to produce delays in the phase of the tape recorder of one or two 
months (Mote et al., 1996). It therefore seems reasonable that typical interannual 
differences should be smaller than interseasonal differences. 
4.2.3 Interhemispheric differences in mid-latitudes 
There does not appear to be a systematic difference in average mid-latitude wa-
ter vapour between the northern hemisphere late-winter of 1993 and the southern 
hemisphere late-winter of 1992 in figure 4-2. The interhemispheric difference seen 
in figure 4-1 between 50 and 60 degrees is not seen on equivalent latitude in fig-
ure 4-2. This apparent interhemispheric difference in the zonal mean on normal 
latitude is therefore a result of the wet Arctic vortex straying south of the po-
lar region, as opposed to any net dehydration at these latitudes in the southern 
hemisphere. The results in figure 4-2 indicate the amount of of dehydrated air 
being mixed across the edge of the southern vortex at 530K was small and that 
the northern vortex in 1993 was also well contained. 
However, there is a clear mid-latitude difference between the northern hemisphere 
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late-winter of 1992 and the southern hemisphere late-winter of 1992. The areally 
averaged difference between 300  and 45° is 0.11ppmv, and the combined areally 
averaged retrieved error is 0.09ppmv. Since the difference is also consistent over 
the mid-latitude region, it is probably a significant difference. Two factors indicate 
that this interhemispheric difference is not the result of mixing of dehydrated air 
out of the southern vortex. Firstly there is also an identical interannual difference 
between the northern late-winters of 1992 and 1993. Secondly the strong maximum 
at the edge of the southern vortex suggests the influence of dehydration does not 
extend even as far as the vortex edge. Any mixing of dehydrated air out of the 
southern vortex would probably be more than compensated for by the mixing of 
air from the mixing ratio maximum at the edge of the vortex. 
The most likely explanation for the difference in mid-latitude mixing ratio found 
during northern late-winter 1992 is that air of high mixing ratio is mixing out of 
the northern vortex. The northern vortex is known to be less strongly contained 
than the southern vortex, because of the greater influence of planetary-wave break-
ing in the northern hemisphere. The northern vortex of late-winter 1993 is known 
to have been anomalously strong (Manney et al., 1994c; Dahlberg and Bowman, 
1995). The late-winter 1992 vortex was weaker, and Manney et al. (1995a) pub-
lished evidence of air escaping from the vortex into mid-latitudes in MLS ozone 
measurements. 
The potential vorticity lines in figure 4-2 indicate that the northern vortex in 
late-winter 1992 is smaller than the northern vortex in late-winter 1993. The PV 
gradients at the edge of the vortex are also clearly much weaker in the late-winter 
of 1992. The PV around the northern vortex of 1993 actually looks more similar 
to the PV around the southern vortex in 1992 than it does to the PV around the 
northern vortex of 1992. The zonal mean in potential vorticity is therefore con-
sistent with the view that the 1992 northern late-winter vortex was much weaker 
than the 1993 northern late-winter vortex, and therefore more likely to leak high 
mixing ratio air into mid-latitudes. The possibility that mixing between mid-
latitudes and the tropics may have a significant influence on mid-latitude water 
vapour mixing ratios is discussed in section 4.2.4 below. 
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4.2.4 Influence of tropics on mid-latitude mixing ratios 
Mixing of tropical air into mid-latitudes could have an influence on mid-latitude 
mixing ratios so that they were higher during northern hemisphere late-winter 
1992 than northern hemisphere late-winter 1993. This would require large mixing 
rates between tropics and mid-latitudes during both periods. This possibility can 
be simply tested by plotting MLS ozone data in a similar form to figure 4-2. 
Ozone mixing ratios are always low in the tropical lower stratosphere, because 
air of low ozone mixing ratio crosses from the troposphere into the stratosphere 
at the tropical tropopause. Ozone mixing ratios are normally high in the lower 
stratospheric part of the vortex, except when heterogeneous chlorine chemistry is 
dominant, which currently is the case only for the Antarctic vortex, although there 
is a worsening trend in the Arctic vortex. Mixing of vortex or tropical air into mid-
latitudes would therefore have opposite effects on ozone mixing ratios in the mid-
latitudes of the northern hemisphere. A comparison of mid-latitude ozone mixing 
ratios should indicate the source of the higher water vapour mixing ratios in the 
mid-latitudes of the northern hemisphere in late-winter 1992. The time constant 
for odd oxygen photochemistry is much longer than that for transport processes 
in the lower stratosphere (Brasseur and Solomon, 1984), so it is legitimate to treat 
ozone as a usable tracer of stratospheric motion. 
Figure 4-3 shows the zonal mean of MLS version 4 205 GHz ozone mixing ratio on 
equivalent latitude. The zonal mean PV values (feint lines) are identical to those 
given in figure 4-2. The main features on figure 4-3 are : (i) low ozone mixing 
ratios in the tropics; (ii) strong meridional gradients in ozone mixing ratio in the 
subtropics; (iii) A strong peak in mixing ratio at the edge of the Antarctic vortex, 
due to the ring of descent shown by Manney et al. (1994b); (iv) Strong depletion of 
ozone inside the Antarctic vortex due to heterogeneous chlorine chemistry (Waters 
et al., 1993). There is also a clear signal of ozone depletion in the Arctic vortex of 
1993, as observed by Waters et al. (1995) and Manney et al. (1994c). There is a 
strong gradient in the rate of ozone depletion across the Antarctic vortex because 
in late winter sunlight has still not reached the pole, and the Antarctic vortex is 
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Figure 4-3: Zonal mean MLS version 4 ozone mixing ratio at a potential tem-
perature of 530 Kelvin (bold lines) and zonal mean isentropic potential vorticity 
(feint lines), versus absolute equivalent latitude. Southern hemisphere 15 - 24 Aug 
1992 (solid line); northern hemisphere 15 - 24 Feb 1992 (dashed line) ; northern 
hemisphere 15 - 24 Feb 1993 (dotted line). The typical retrieved error on the mean 
mixing ratio is ''0.03ppmv, rising to '-'0.08ppmv. beyond 85° equivalent latitude. 
across the Arctic vortex of 1993, because in the late-winter it is not centred on the 
pole (Waters et al., 1993) and all equivalent latitudes can be exposed to sunlight. 
In the northern hemisphere late winter of 1992 there are no strong meridional gra-
dients in ozone mixing ratio at the vortex edge. The mid-latitude ozone mixing 
ratios are higher than in the northern hemisphere in 1993 and the southern hemi-
sphere in 1992. The area average difference between the northern hemisphere of 
1992 and the southern hemisphere in the latitude range 33° and 47° is 0.20ppmv. 
The area average difference between the northern hemisphere of 1993 and the 
southern hemisphere in the latitude range 33° and 47° is "-'-O.Olppmv. Since the 
typical error on the mean mixing ratio is "-'0.03ppmv the 0.20ppmv difference be-
tween the northern hemisphere of 1992 and the southern hemisphere is significant. 
The elevated ozone mixing ratio in the mid-latitudes of the northern hemisphere 
in late-winter 1992 must be due to mixing with vortex air. 
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The results in figure 4-3 therefore confirm that it is mixing out of the vortex 
and not mixing out of the tropics that is responsible for the elevated mid-latitude 
water vapour mixing ratios in the northern hemisphere in late winter 1992, which 
were observed in figure 4-2. The strong meridional gradients in mixing ratio in 
the sub-tropics indicate there is a significant barrier to mixing in the sub-tropics, 
although the PV lines do not indicate a corresponding strong meridional gradient 
in PV in the sub-tropics. This result fits with those of Mote et al. (1996) who find 
that the attenuation of the tape recorder signal by mixing between the tropics and 
mid-latitudes occurs on a timescale of 15 to 18 months between 50hPa and 20hPa. 
4.2.5 Structure of the vortex 
Figure 4-2 shows a rapid change in water vapour at the edge of the Antarctic 
vortex. As already remarked, there is also a clear local maximum at 60 degrees. 
If there were significant mixing taking place at the vortex edge, a much flatter 
distribution would be expected. The meridional resolution of MLS is equivalent 
to nearly 4° in latitude. The changes in mixing ratio which occur across the edges 
of the polar vortices therefore occur over virtually as small a latitude range as 
could be resolved by MLS. 
These results indicate that the Antarctic vortex at 530K is strongly isolated during 
this part of the season, in agreement with contour advection studies, for example 
that of Chen (1994). The resolution of a similar but opposite gradient at the edge 
of the Arctic vortex in figure 4-2 is a striking result. The Arctic vortex is not 
as coherent as its Antarctic counterpart, normally straying over a greater latitude 
range and sometimes splitting into two (Dahlberg and Bowman, 1994). Hence the 
use of equivalent latitude has a greater effect on the distribution of water vapour 
in northern high latitudes than it does on the distribution of water vapour in 
southern high latitudes. 
In figure 4-2 there appears to be a significant gradient in water vapour mixing 
ratio across the interior of the Antarctic vortex in 1992. There is a local mixing 
ratio minimum at the centre of the Antarctic vortex. In contrast the Arctic late-
winter vortices of 1992 and 1993 both appear to be fairly well mixed, with the 
only significant gradients occurring towards the edge of the vortex. The minimum 
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in mixing ratio at the centre of the Antarctic vortex suggests greatest dehydration 
and sedimentation has occurred there, and therefore that temperatures are lowest 
there. Version 4 of the MLS retrieval produces retrieved temperatures at 46hPa, 
which were not available in version 3. For the first time the temperatures on the 
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Figure 4-4: Zonal mean MLS version 4 temperature at a potential temperature 
of 530 Kelvin (bold lines) and zonal mean isentropic potential vorticity (feint 
lines) , versus absolute latitude. Southern hemisphere 15 — 24 Aug 1992 (solid 
line); northern hemisphere 15 — 24 Feb 1992 (dashed line) ; northern hemisphere 
15 — 24 Feb 1993 (dotted line). 
In figure 4-4 the MLS-measured temperatures on the 530K isentrope are shown for 
the same three periods. It shows all three vortices contain air that is significantly 
colder than in mid-latitudes. The Antarctic vortex is much colder than the Arctic 
vortices for several reasons. The Antartic vortex is more consistenly centred on 
the pole than the Artic vortex, meaning it is almost continuously in darkness 
during the mid-winter. It also has less contact with warmer mid-latitude air. The 
Antarctic continent is much colder than the Artic ice-pack, so the Antarctic vortex 
experiences less infra-red heating from below. 
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The line for the southern late-winter of 1992 in figure 4-4 shows there is a clear 
gradient across the interior of the Antarctic vortex. As in the water vapour mea-
surements, there does not appear to be a significant gradient across the interior of 
the Arctic vortices. This gradient in temperature is the reason there is differential 
dehydration between the center and the middle and outer regions of the Antarctic 
vortex. For the strong gradients in water vapour mixing ratio and temperature 
across the interior of the vortex to be preserved, the rate of large-scale mixing 
inside the vortex must be relatively small. 
Manney et al. (1994b) calculated the dispersion of parcels inside the Antarctic 
and Arctic vortices in the lower stratosphere during mid-winter and early spring. 
They show that dispersion of parcels is small inside the Antarctic vortex, but 
more significant inside the Arctic vortex. Bowman (1993a) found there was little 
large-scale isentropic mixing inside the Antarctic vortex and Bowman (1993b) 
found that diffusion coefficients were an order of magnitude smaller inside than 
outside the vortex. The results of Manney et al. (1994b), Bowman (1993a) and 
Bowman (1993b) suggest that a structure in tracer gradient could be preserved 
over a significant period inside the Antarctic vortex in the lower stratosphere. 
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Table 5-1: Estimates of upper bound on timescale for mixing across the vortex 
edge, r, for 14 August - 20 September 1992. D2 and D1 are the initial and final 
differences between mid-latitude and vortex average mixing ratios respectively. 
Approximate heights for potential temperature surfaces are for mid-latitudes. 
9 (K) Approx. Height (km) D2 (ppmv) D1 (ppmv) I r (days) 
655 26.2 1.05 1.05 - 
740 28.9 1.42 0.93 64+4 
840 31.8 0.96 0.66 60+5 
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Figure 5-2: Evolution of net difference between area-averaged mid-latitude and 
vortex mixing ratios at 740K. The solid line shows actual difference, and the dashed 
line shows the exponential fit. 
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on some isentropes in the mid-stratosphere during the period 14 August - 20 
September 1992. At 740K and 840K the fit to the simple decay model in equation 
5.1 is reasonably good, as demonstrated by the relatively small errors on the 
estimated value of r. Figure 5-2 shows the actual values of the net mid-latitude 
vortex difference at 740K, and the calculated fit. 
At 740K and 840K there is significant mixing of air across the vortex edge occurring 
with a timescale of around 60 days. The closeness of the fit shown in figure 5-
2 makes this a strong result. The edge of the vortex was not impenetrable at 
740K and 840K, but nevertheless it presented a strong quasi-permeable barrier to 
isentropic mixing. Mixing timescales were not obtained for 655K and 960K. At 
655K the net difference remained fairly constant over the period, possibly due to 
the strong vertical gradient at this level exaggerating the effect of any net descent, 
or strong containment at this level. At 960K the net difference actually increased, 
probably due to the combination of ongoing descent and weak mixing. 
5.2.5 Evolution in the lower stratosphere 
The version 4 measurements show no significant increase in water vapour mixing 
ratios occurring at 530K during the yaw period. From these results it is there-
fore necessary to conclude either : (i) There is no significant descent occurring 
inside the vortex in the lower stratosphere at this time and no significant mixing 
of air across the vortex edge; or (ii) Descent and/or mixing are occurring, but 
any increase in water vapour mixing ratio due to these dynamic fluxes are being 
balanced by ongoing dessication of air by the cold temperatures inside the vortex 
in the lower stratosphere. 
Manney et al. (1995b) showed that descent in the lower stratosphere during this 
yaw period was restricted to a ring around the edge of the vortex. The results 
described in section 4.2 and by Morrey and Harwood (1998) indicate there is little 
influence on mid-latitude water vapour mixing ratios by mixing across the vortex 
edge. It is therefore reasonable that the lack of increase in water vapour mixing 
ratio inside the vortex at 530K during this period is wholly due to lack of dynamic 
replenishment, and no ongoing dessication process need be invoked. 
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5.3 Evolution of the distribution of ozone mixing 
ratio 
MLS measurements of ozone mixing ratios can also be studied on equivalent lat-
itude zonal means. Ozone has a short chemical lifetime in the stratosphere in 
comparison with water vapour. However, the timescale for chemical ozone loss is 
of the order of weeks at 30km, and the ozone is therefore still strongly influenced by 
transport processes in the middle and upper stratosphere (Brasseur and Solomon, 
1984). Ozone can therefore be used to study evolving structures in and around 
the polar vortex in the middle and upper stratosphere. In the lower stratosphere, 
ozone is subject to rapid depletion by heterogeneous chemistry. 
Figure 5-3 shows the evolution of the vertical distribution of zonal mean ozone 
mixing ratio over the southern spring yaw period of 14 August - 20 September 
1992. The zonal means were calculated using version 4 of MLS ozone mixing 
ratios, retrieved from radiance measurements from the 205GHz radiometer. The 
mixing ratios were mapped onto equivalent latitude in an identical way to the 
water vapour results shown in figure 5-1. 
5.3.1 The general distribution of ozone 
Figure 5-3a shows the zonal mean ozone distribution on equivalent latitude aver-
aged over the 16-20 August 1992. The ozone distribution has a strong maximum 
in the mid-stratosphere near the equator, where solar UV levels are at their max-
imum. There are significant meridional gradients in ozone mixing ratio in the 
sub-tropics of the mid-stratosphere. The upper and lower stratosphere does not 
feature any strong meridional gradients in the tropics or mid-latitudes. 
The edge of the vortex is clearly defined by strong meridional gradients at approx-
imately 60S. In the middle to upper stratosphere air inside the vortex has much 
lower mixing ratios than outside. This is as a result of descent from the lower 
mesosphere, where ozone levels are lower. During the polar night the low ozone 
levels cannot be augmented through the usual photochemical pathways, so a resid-
ual minimum is maintained inside the vortex because mixing with mid-latitude air 
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Figure 5-3: As figure 4-1, for 205 GHz ozone mixing ratio, version 4 
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is impeded by the quasi-impermeable barrier formed by the strong PV gradients 
at the vortex edge. 
In figure 5-3a there is evidence for a gradient in descent across the vortex in the 
upper stratosphere. The 3.5ppmv isopleth slopes downward towards the vortex 
centre at 1950K and 1700K. There is no pattern of descent connecting the upper 
and middle stratosphere at the vortex centre. There is a local maximum in ozone 
mixing ratio at the centre of the vortex at around 840K. If this is a real feature, it 
may be associated with the maximum in water vapour mixing ratio observed in a 
similar position in figure 5-1a. If the air at the centre of the vortex in the middle 
stratosphere at 740K and 840K is the residue of previous strong descent at the 
vortex centre, as discussed in chapter 4, the fact that it apparently has a higher 
ozone mixing ratio than the surrounding air is difficult to explain. One possibility 
is that air is mixing into the vortex in the upper stratosphere, and then descending 
most strongly at the vortex centre. Otherwise it is tempting to conclude that this 
is not a real feature of the atmosphere. 
In the lower stratosphere ozone mixing ratios are lower than in the mid-stratosphere 
for most of the globe during most of the year. Descent in the vortex produce mix-
ing ratios that are higher inside than outside the vortex during the early part of 
winter. However, by mid-August heterogeneous chlorine chemistry on PSCs and 
sulphate aerosols has already taken its toll on ozone mixing ratios in the lower 
stratosphere (Waters et al., 1995). 
The southern vortex is normally fairly symmetrical about the pole, with its edge 
typically at around 60°S, although it does sometimes move sufficiently off the pole 
for its edge to pass over the southern tip of South America, north of 55°S. The 
vortex edge is therefore fairly consistently at more northerly latitudes than most 
of the vortex interior. The northern edge of the vortex is the first part to be 
exposed to sunlight as the region under conditions of polar night shrinks. The 
returning sun releases chlorine monoxide from its dormant phase as C1202 , and 
active depletion of ozone begins. This explains the gradient in ozone mixing ratio 
which exists across the vortex in the lower stratosphere in figure 5-3a. 
5.3.2 Evolution of the ozone distribution 
There are four major changes which occur in the distribution of MLS version 4 
205GHz ozone mixing ratio over the yaw period shown if figure 5-3. These are (i) 
Depletion of ozone mixing ratio inside the vortex in the lower stratosphere, due 
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to inhomogeneous chlorine chemistry ; (ii) The disappearance of the structure at 
the centre of the vortex in the middle stratosphere ; (iii) Mixing across the edge 
of the vortex at 1260 and 1450K ; (iv) transport of air of high ozone mixing ratio 
from the tropics into southern mid-latitudes in the mid-stratosphere. 
In the lower stratosphere ozone depletion was getting into full swing during the 
14 August - 20 September period. By early September sunlight had returned to 
all latitudes and chlorine monoxide concentrations were high throughout most of 
the vortex interior (Waters et al., 1995). The meridional gradient in ozone mixing 
ratio across the vortex gradually weakened, and is not visible in figure 5-3f. The 
isopleths of ozone mixing ratio in the lower stratosphere rise continuously over the 
yaw period, indicating rapid ozone loss. 
There is a definite change in the mid-latitudes of the middle stratosphere over the 
period. The structure in the 8.00ppmv contour extending from the sub-tropics 
into mid-latitudes in figure 5-3a gradually extends further south over time. By 
figure 5-3d there is a thin "arm" of 8.00ppmv mixing ratio extending almost all 
the way to the vortex edge at 1100K. This structure then widens to encompass 
the 960K isopleth, and by figure 5-3 h the 8.00ppmv contour occupies a similar 
size region to the region occupied by the 7.5ppmv in figure 5-3a. 
During this southern spring period, the region of highest solar illumination is 
moving back towards the equator from its northernmost extreme. This results 
in a gradual increase in ozone mixing ratio in the tropical region of the mid-
stratosphere, as solar UV levels increase (Froidevaux et al., 1994). However the 
rapid increase in mixing ratio in southern mid-latitudes is probably mainly due to 
transport out of the tropics by breaking planetary waves (McIntyre and Palmer, 
1983). Randel et al. (1993) show a planetary wave breaking event at 1100K, 
observed in CLAES N20 and MLS water vapour measurements during the 14 
August - 20 September 1992 south-looking yaw period. Their sequence of single 
day plots show tongues of tropical air stretching out into mid-latitudes and then 
being irreversibly mixed. 
At 1100K the air that is transported into mid-latitudes has close to the maximum 
tropical ozone mixing ratio. A relatively small amount of air mixing into mid-
latitudes can therefore cause a significant change in mid-latitude mixing ratio. 
Isolated patches of tropical air can retain their identity after they have split away 
into mid-latitudes (Randel et al., 1993), but in zonal mean plots they will just 
appear to contribute to the change in the average mixing ratio in mid-latitudes. 
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Two other developments occur in the middle and upper stratosphere. Firstly the 
local maximum in ozone at the centre of the vortex between 740K and 840K in 
figure 5-3a is still visible at 740K in figure 5-3b, although its vertical extent has 
reduced. It is no longer visible in figure 5-3c. This change occurs on a similar 
timescale to the erosion of the maximum in water vapour mixing ratio observed 
at the centre of the vortex at 740K in figure 5-1. This further supports the view 
that the 183 GHz water vapour and 205GHz ozone measurements from the MLS 
version 4 retrieval are detecting the same feature. The feature also appears as 
strongly in 183GHz ozone measurements (not shown) as it does in 205GHz ozone 
measurements and goes on to behave in a similar fashion as in 205GHz ozone 
measurements. 
Secondly there is an apparent pattern of isentropic mixing occurring across the 
edge of the vortex between 1100K and 1450K. There is a clear intrusion of the 
4.5ppmv isopleth into the interior of the vortex at 1450K in figure 5-3b. In the 
subsequent plots this feature extends further into the interior of the vortex. By 
figure 5-3e it has extended right across the vortex, and is being followed by the 
5.Oppmv isopleth. By figure 5-3h the 5.Oppmv isopleth has mixed right across the 
vortex, and is being followed by the 5.5 ppmv isopleth. 
Poleward mixing of air of high ozone mixing ratio is probably connected with the 
disturbance of the vortex by Rossby wave-breaking events. Manney et al. (1993) 
reported increases in MLS-measured ozone in the middle stratosphere of the south-
ern polar vortex over the same early spring period. They attributed this increase 
mainly to poleward transport associated with strong planetary wave activity, and 
showed evidence for distortions in the PV field of the vortex. They published a 
sequence of day plots of ozone mixing ratio showing evidence of a tongue of high 
ozone mixing ratio extending into the polar regions from low latitudes. Fishbein 
et al. (1993) observed three strong wave 1 events in both ozone and temperature 
over this period, which were positively correlated. The positive correlation be-
tween ozone and temperature implies the ozone changes were due to transport, 
because ozone photochemistry produces anti-correlations between ozone and tem-
perature (Brasseur and Solomon, 1984). Waugh (1993) has shown that Rossby 
wave breaking events which transport tropical air into mid-latitudes have a clear 
influence on the shape of the vortex. Waugh (1993) shows filaments of air being 
drawn off the vortex, and being draw into mid-latitudes to meet a similar filament 
being drawn from the tropics. 
It is possible that photochemical production of ozone may also have a role in 
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the increase in ozone mixing ratio since sunrise at the south pole occurs in early 
September in the middle stratosphere. However, a similar increase in vortex ozone 
mixing ratio observed by Cheng et al. (1996) in late October 93 appears to occur 
due to a combination of mixing and photochemical production. The solar illumi-
nation is much weaker in early September than in late October, and therefore it 
seems unlikely that photochemical production is having a very significant effect 
on middle stratosphere ozone mixing ratios at high latitudes. It therefore seems 
likely that most of the increase in ozone mixing ratios is due to entrainment of 
filaments of extra-vortex air by the vortex (Manney et al., 1993). This assertion 
is tested in the following section. 
5.3.3 Conservation of ozone in mixing processes 
As a check on the relative importance of mixing and solar UV on changes to 
ozone mixing ratios, fractional changes in average ozone mixing ratio over the yaw 
period were calculated for different regions. The amount of non-conservation of 
ozone indicates the significance of photochemical changes in ozone mixing ratios. 
The vortex region was taken as including all equivalent latitudes south of 62 0 S. 
Mid-latitudes were taken as being between equivalent latitudes of 20 °S and 62°S. 
The tropical region was taken as being between equivalent latitudes of 20°N and 
20'S. This analysis therefore includes equivalent latitudes north of the "equivalent 
equator", not shown on the zonal mean plots in figure 5-3. The percentage of 
global surface area these regions cover are : 6% for the vortex, 27% for mid-
latitudes, 34% for the tropics. 
Figure 5-4 shows the fractional changes in the area-weighted average ozone mixing 
ratios at 1100K for the three regions over the 14 August-20 September yaw period. 
The solid line shows the area-weighted average across all three regions, which 
together cover 67 percent of the earth's surface area. This line shows the net 
change in total ozone in the tropics and southern hemisphere at 1100K. There is a 
net increase in the average mixing ratio of the total area during the period. This 
increase is expected from the southward movement of the region of maximum solar 
illumination. Note that the slight drop in the average of the mixing ratio over the 
total area in the last four days of the period may be connected with a known 
artifact in mixing ratios retrieved from MLS measurements. Retrieved mixing 
ratios at the beginning and end of yaw periods tend to be slightly depressed, 
probably due to higher levels of solar heating of the MLS antenna just before and 
just after a yaw manoeuvre. 
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Figure 5-4: Fractional change in regional area-weighted average mixing ratio at 
1100K over 14 August - 20 September yaw period, for the tropics (dotted line), 
mid-latitudes (dot-dashed line), vortex (dashed line), total (solid line). 
In the tropics (dotted line) there is an indication of some increase in ozone mixing 
ratios over the period, but by the end of the period the mixing ratio is almost 
exactly the same as it was at the start of the period. Meanwhile, the mid-latitude 
mixing ratio (dash-dotted line) is increasing at a faster rate than the total. The 
vortex mixing ratio (dashed line) is increasing at a faster rate than the mid-latitude 
mixing ratio. The vortex average mixing ratio is subject to more variation because 
it is very sensitive to the accuracy of the analysis of vortex position in the UKMO 
PV data. The vortex also covers a smaller area than the other regions, and the 
smoothing effect of averaging over a large region is therefore less. There are three 
clear phases of rapid increase in vortex mixing ratio, followed by slight decreases. 
These are a clear indications of poleward advection being driven by the three 
warming events observed by Fishbein et al. (1993). The ozone maxima lag about 
three days behind the temperature maxima observed by Fishbein et al. (1993) on 
the 27 August, 5 September and 14 September. 
Figure 5-4 demonstrates how strong mixing by Rossby wave breaking is causing 
mid-latitude mixing ratios to increase. The positive deviation from the solid (total) 
line by the dot-dashed (mid-latitude) line begins on 27th August. The negative 
deviation from the solid (total) line by the dotted (tropics) line begins on the same 
day. The dot-dashed (mid-latitude) and tropical (dotted) line almost mirror each 
other relative to the solid (total) line, apart from when there is a sudden dip in 
the dot-dashed (mid-latitude) line when the dashed (vortex) line suddenly rises. 
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The strong link between the relative increase in mid-latitude mixing ratio and the 
relative decrease in tropical mixing ratio indicates these changes are due to mixing 
rather than photochemistry. There is no net increase in tropical mixing ratios 
because the exchange of air between tropics and mid-latitudes tends to balance 
the increase in tropical mixing ratios that would be otherwise be occurring as 
the region of maximum solar illumination moves back towards the equator from 
the northern hemisphere. The mid-latitude mixing ratio increases despite strong 
mixing with vortex air, because the area of the vortex is relatively small. This also 
explains why there is no strongly discernible link between drops in the dot-dashed 
(mid-latitude) line and rises in the dashed (vortex) line. 
5.3.4 Mixing timescales in the upper stratosphere 
In section 5.2.4 upper bounds on timescales for mixing across the vortex edge in the 
mid-stratosphere were estimated using the change in net difference between vortex 
and mid-latitude average water vapour mixing ratios. Mixing of air across the edge 
of the vortex in the middle-upper stratosphere is clearly seen in the ozone mixing 
ratio measurements described above. It is possible to estimate upper bounds on 
mixing timescales from these measurements by a similar method, but there are 
two additional complicating factors. 
Firstly, there is a significant increase in mid-latitude ozone mixing ratios over the 
period, figure 5-4, due to mixing from the tropics by breaking Rossby waves. This 
effect was not significant in the studies of water vapour mixing time scales, partly 
because the difference between the average tropical and mid-latitude mixing ratios 
is much lower for water vapour than for ozone in the middle stratosphere. Also, 
it was only possible to estimate upper bounds on the timescales for mixing from 
water vapour measurements at 740K and 840K. Mixing of air from the tropics into 
mid-latitudes is not as strong at these levels as it is at 1100K. 
The increase in mid-latitude mixing ratios must be accounted for before the 
timescale for mixing across the vortex edge can be estimated. This is done by 
simply using the mid-latitude mixing ratio from the first day of the period to cal-
culate the difference for all the days in the period. This way, only the changes 
in vortex-average mixing ratio contribute to the estimated timescales. However, 
it also means the effect on the average mid-latitude mixing ratio of vortex air of 
lower mixing ratio being mixed into mid-latitudes is not accounted for, which leads 
to two small inaccuracies. 
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The relative area of the vortex region is relatively small, approximately one fifth 
that of mid-latitude region. The effect of vortex air mixing into mid-latitudes 
would be to reduce the net difference. The error in the rate of change of net 
difference introduced by ignoring this factor should therefore be " -20%. Ignoring 
this effect will therefore tend to increase the estimated timescales. The estimated 
timescales will therefore still be an upper bound. An error is also incurred by 
ignoring the increase in the mixing ratio of mid-latitude air being mixed in to 
the vortex. This is a less significant error, since mid-latitude mixing ratios only 
increase by r.-'8% over the whole period, and is of the same sign as the previous 
error. 
The second complicating factor is that the vortex ozone mixing ratios in the 
middle-upper stratosphere do not increase continuously through the whole of the 
period. The vortex average ozone mixing ratio at 1100K actually decreases for 
the first few days of the period, as can be seen in figure 5-4. The same effect 
occurs at 960K (not shown). This decrease must occur through some combination 
of slow mixing and ongoing descent (Manney et al., 1994b). To include the vortex 
averages from the first few days of the period would make the estimates of upper 
bound unnecessarily conservative. The estimates were therefore performed for the 
period 21 August - 20 September 1992. They are estimates of upper bound on 
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Figure 5-5: Variation of net difference in ozone mixing ratio between vortex and 
mid-latitude averages at 1260K. Dashed line shows fit from which mixing timescale 
was derived. 
Figure 5-5 shows the changing difference between vortex and mid-latitude averages 
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at 1260K, and the fit which yields the estimate of the upper bound on vortex 
edge mixing timescale. Although there is a clear signal of the three warmings 
events observed by Fishbein et al. (1993) there is also a definite near continuous 
upward trend, which is well modelled by the exponential fit. The mixing timescale 
estimates on all levels where calculations were considered reliable are shown in 
table 5-2. 
Table 5-2: Estimates of upper bound on timescale for mixing across the vortex 
edge, r, for 21 August - 20 September 1992. D2 and D1 are the initial and final 
differences between mid-latitude and vortex average mixing ratios respectively. 
Approximate heights for potential temperature surfaces are for mid-latitudes. 
O (K) Approx. Height (km) I D2(ppmv) 1 D1 (ppmv) r (days) 
840 31.8 -2.58 -2.09 142±8 
960 34.5 -3.07 -2.12 67±4 
1100 37.1 -3.54 -2.07 47±3 
1260 39.6 -2.67 -1.69 47±3 
These results suggest the vortex edge forms a fairly strong barrier to isentropic 
transport at 1100K. The estimated mixing timescales reduce with increasing po-
tential temperature, indicating more mixing across the vortex edge is taking place 
at the higher levels in the stratosphere. This reflects the strong driving of pole-
ward motion by breaking planetary waves in the upper stratosphere (Manney et 
al., 1994b). A value for the timescale at 1450K is not quoted because its value 
was found to be extremely sensitive to the range of days chosen for the fit. 
At 840K mixing timescales have now been estimated from both version 4 water 
vapour and version 4 ozone measurements. However there is a large disparity 
between the two estimates. A combination of the meridional and vertical gradients 
in ozone at 840K must mean that effect of edge mixing on the vortex mixing ratio 
is substantially offset by descent, leading to an upper bound which is much longer 
than the true mixing timescale. In this case, the timescale estimated from water 
vapour measurements is the more appropriate value to take as an upper bound. 
When the results given in tables 5-1 and 5-2 are combined, see table 5-3, mean 
upper bounds on mixing timescales have been estimated on five isentropes between 
655K to 1260K. 
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5.4 Summary 
In this chapter the evolution of the Antarctic vortex during early spring 1992 is 
studied using MLS version 4 water vapour and ozone measurements on equivalent 
latitude zonal means. Changes in mixing ratio distribution over the 14th August - 
20 September yaw period are followed by plotting a sequence of zonal mean plots 
time averaged over five day periods. This technique is used in order to follow 
changes in the structures inside the vortex, previously discussed in chapter 3, and 
to discern mixing patterns across the edges of the polar vortex. 
There is a strong maximum at the vortex centre in the middle stratosphere, which 
may be a residue of previous rapid descent from the upper stratosphere and meso-
sphere. The gradient across the vortex in the middle stratosphere weakens over 
the period, and no strong mixing ratio gradient across the interior of the vor-
tex in the mid-stratosphere is discernible by the end of the period. In the ozone 
measurements a feature appears in a similar position at the vortex centre in the 
mid-stratosphere. However the feature is an ozone maximum, is weaker than the 
equivalent feature in water vapour measurements, and disappears more rapidly 
than the equivalent feature in water vapour measurements 
Table 5-3: Summary of the estimates of upper bound on timescale for mixing 
across the vortex edge, r, for 14 August - 20 September 1992. Di and D1 are 
the initial and final differences between mid-latitude and vortex average version 4 
mixing ratios respectively. Approximate heights for potential temperature surfaces 
are for mid-latitudes. 
O (K) Approx. Height (km) I D1 (ppmv) I D1 (ppmv) I r (days) species 
740 28.9 1.42 0.93 64±4 h2 0 
840 31.8 0.96 0.66 60±5 h2 0 
960 34.5 -3.07 -2.12 67±4 03 
1100 37.1 -3.54 -2.07 47±3 03 
1260 39.6 -2.67 -1.69 47±3 03 
The ozone data shows a strong signal of mixing of tropical air into mid-latitudes in 
the middle-upper stratosphere. This effect is attributed to Rossby-wave breaking, 
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which is also implicated in the poleward mixing of air across the vortex edge. This 
is established by showing the increase in mid-latitude ozone mixing ratio at 1100K 
is accompanied by an equivalent decrease in tropical ozone mixing ratios, relative 
to the general increase in ozone mixing ratios in the southern hemisphere caused 
by the equatorward movement of the region of maximum solar irradiation. Signs 
of poleward mixing of mid-latitude air are observed in the middle stratosphere 
in water vapour measurements and in the middle-upper stratosphere in ozone 
measurements. The change in net difference between average vortex and mid-
latitude mixing ratios is used to put upper bounds on the timescales for mixing 
across the vortex edge where meridional gradients in mixing ratio were sufficient 
to allow this. The results for water vapour and ozone are summarised in table 
5-3. These timescales are consistent with a strongly confined vortex in the mid-
stratosphere. At higher potential temperatures the vortex is weaker and more 
subject to Rossby-wave disturbance. 
This chapter has established that 
• The maximum in water vapour mixing ratio at the centre of the vortex in 
the mid-stratosphere gets mixed over the 14 August - 20 September period 
• There is no significant change in the average mixing ratio of water vapour 
inside the vortex in the lower stratosphere, although the meridional gradient 
across the interior of the vortex does get mixed away 
• There is a significant increase in the average mixing ratio of ozone in mid-
latitudes between 840K and 1260K, which is shown to be largely due to 
mixing of tropical air into mid-latitudes 
• There is also a significant increase in ozone mixing ratios inside the vortex 
between 840K and 1260K, which is shown to be largely due to entrainment 
of mid-latitude air into the vortex, rather than photo-chemistry 
• The differences between average mid-latitude and vortex mixing ratios of 
water vapour and ozone in the middle and upper stratospheres gradually 
decline over the period. This change is used to place upper bounds on 
timescales for mixing of air between mid-latitudes and the vortex 
Chapter 6 
An equatorial PV barrier 
This chapter features a study of high PV gradients at the equator in the lower 
stratosphere of the UKMO assimilated wind fields, first highlighted by Chen et 
al. (1995). They used UKMO winds to advect a hemispherically asymmetric dis-
tribution of a passive tracer, on the 400K isentropic surface for two five month 
periods, with a semi-lagrangian transport model. Their study demonstrates the 
strong meridional gradients in PV at the equator can act as a barrier to cross-
equatorial transport, especially during the westerly phase of the QBO. If these 
strong equatorial PV gradients exist in the real atmosphere, they could act as a 
quasi-permeable barrier to cross-equatorial transport, and may also have a role in 
confining material to low latitudes. There have been several previous observations 
suggesting the confinement of tracers in the equatorial region of the lower strato-
sphere, but this has been presumed to be mainly due to barriers to meridional 
mixing in the subtropics. 
The distribution of volcanic aerosol from the Mount Pinatubo eruption, observed 
by ISAMS (Lambert et al., 1993), shows a consistent peak over the equator. This 
pattern suggests that the confinement of aerosol in the tropics is not simply due to 
PV barriers in the subtropics. Hitchman et al. (1994) and Trepte and Hitchman 
(1992) show strongest confinement of SAGE I and SAGE II measured aerosol over 
the equator during the easterly shear phase of the QBO. They explain this in terms 
of waves driving zonal mean ascent and convergence (Plumb and Bell, 1982) at 
the equator in the lower stratosphere. 
In this chapter the strength of the meridional gradients in PV at the equator is 
studied over a two and half year period of UKMO data, on isentropic surfaces 
throughout the stratosphere. Time series of zonally averaged meridional gradients 
in UKMO-derived PV are plotted in which variations in the strength of the mend- 
130 
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ional gradients in PV at the equator are revealed. The evolution of the vertical 
distribution of the meridional gradient in a normalised form of PV at the equa-
tor is compared with the evolution of the vertical distribution of equatorial zonal 
winds. A comparison between the variations in equatorial PV gradients and cross-
equatorial differences in MLS measured tracer mixing ratios is made. The UKMO 
data set, and the calculation of PV, normalised PV, and equivalent latitude are 
discussed in chapter 3. 
6.1 Meridional gradients in PV in the lower strato-
sphere 
Figure 6-1 shows the time evolution of zonally averaged meridional PV gradient in 
equivalent latitude on the 530K isentrope. Since the gradient in PV is calculated 
in equivalent latitude, the values are always positive; lower values of PV will 
always be assigned to more southerly equivalent latitudes than higher values of 
PV. Contours are in units of Kkg 1 m 2s' per degree of equivalent latitude, and 
have been set at logarithmic intervals so structures within regions of both very 
high and very low PV gradient are visible. 
6.1.1 PV gradients at the edges of the polar vortices 
The highest PV gradients are at the edges of the winter polar vortices. These 
gradients show up strongly at about 60°S in the southern hemisphere and about 
55°N in the northern hemisphere. If the 'edge' of the polar vortex is taken to 
be at the equivalent latitude where the PV gradient is greatest (Manney et al., 
1993), the southern polar vortex is clearly shown to be larger, more stable, and 
longer lasting than the northern polar vortex. The northern vortex shows sudden 
changes in size, like that late March 1993 for example. These are associated with a 
major sudden stratospheric warming (Buchart and Remsberg, 1986), see Chapter 
4. 
The sudden intrusion of the Aleutian anti-cyclone into the polar region associated 
with a major warming (Lahoz et al., 1996a)), can not be resolved on equivalent 
latitude. The Aleutian anti-cyclone is characterised by much lower PV values 
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equivalent latitudes than the vortex, even though its real position may be over the 
pole. However, the effect of the Aleutian anti-cyclone's increased strength on the 
size and strength of the vortex is clear in the sudden shrinkage of the vortex in late 
March 1993. The sudden shrinkage appears to be associated with a weakening of 
mid-latitude PV gradients, and is related to mixing across the edge of a vortex at 
a scale not resolved on these plots. 
There is significant interannual variability in both the northern and southern polar 
vortices. The northern vortex differs in size, strength and duration between the 
1991/2 and 1992/3 winters. The vortex in the winter of 1991/2 has much weaker 
gradients at its edge than in the winter of 1992/3. In 1991/2 the vortex was also 
smaller, especially in March and April, and the strong PV gradients faded in mid 
April rather than late April (Manney et al., 1995a). 
In 1993 the southern vortex had much stronger PV gradients at its edge than in 
1992. The 1992 vortex varied in size over the winter-spring period more than did 
the 1993 vortex. The 1992 vortex grew more slowly in winter than the 1993 vortex. 
The 1992 vortex reached its maximum extent at the end of July, where it appears 
slightly larger than the 1993 vortex, although the edge of the vortex was more 
poorly defined in 1992. The 1992 vortex also shrinks more rapidly in September 
and October. 
Figure 6-2 shows zonal mean zonal wind on equivalent latitude on the 530K isen-
tropic surface, calculated from UKMO assimilated winds (Swinbank and O'Neill, 
1994a). Figure 6-2 highlights the difference in the strength of the Arctic and 
Antarctic polar night jets. The Arctic polar night jet is comparatively weak, with 
maximum zonally averaged zonal wind speeds of around 40 ms 1 , compared to 
the Antarctic polar night jet which reaches zonally averaged zonal wind speeds 
of up to 60 ms - 1 . The Arctic polar night jet is neither as long lasting, nor as 
sharply defined as the Antarctic polar night jet. These differences are slightly 
exaggerated by this analysis because the Arctic vortex spends more of its time not 
centred on the pole, and is generally less symmetric than the Antarctic vortex. 
Zonal winds averaged around a PV contour are therefore less representative of the 
true strength of the Arctic polar night jet, since an asymmetric vortex will have a 
strong meridional wind component to its jet speed. Only an analysis such as that 
by Nash et al. (1996), who zonally average wind speed in the direction parallel 
to PV contours, can completely avoid this problem, although an average of total 
wind speed would be a simple compromise. 
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Figure 6-2: UKMO zonal-mean zonal wind, on equivalent latitude, interpolated 
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6.1.2 Well-mixed regions 
The lowest meridional PV gradients are seen in the middle to high latitudes of 
the summer hemisphere. Rossby-wave mixing is occuring (Limpasuvin and Leovy, 
1995) uninhibited by any high latitude barriers (Bowman, 1996). Figure 6-1 
shows there are clear interannual and interhemispheric differences in the strength 
of meridional PV gradients in the summer hemispheres. 
The meridional gradient in the northern hemisphere from June to September 1993 
are much lower than seen in the previous year, or in the three southern hemisphere 
summer periods shown. These unusually small PV gradients may be caused by 
Rossby waves propagating across QBO westerlies at the equator, and breaking in 
summer hemisphere easterlies (Barnett, 1974; O'Sullivan and Chen, 1996). The 
Q BO was in its easterly phase during 1992 northern summer and in its westerly 
phase during 1993 northern summer figure 6-2. Meridional PV gradients in the 
southern hemisphere were also weaker during the southern hemisphere summer of 
1993/4 than during the previous two southern hemisphere summers. even though 
the QBO is back in its easterly phase by this time. 
6.1.3 Meridional PV gradients at the equator 
The high meridional gradients in potential vorticity at the equator in figure 6-1 
have been seen previously in UKMO analyses by Chen et al. (1995). They showed 
that such equatorial PV gradients could act as a barrier to cross-equatorial trans-
port in the lower stratosphere. They used UKMO winds to advect a meridionally 
asymmetric tracer distribution over a 5 month period on the 400K isentropic sur-
face. They found that cross-equator mass exchange was strongly inhibited. The 
possibility of such a barrier to cross-equatorial transport was suggested by McIn-
tyre (quoted by Hoskins et al. (1985)). 
Figure 6-1 shows the strength of the meridional gradient in the zonal mean PV at 
the equator varying over time. The high PV gradients that were concentrated at 
the equator in late 1991 became weakened and diffuse during most of 1992. They 
strengthened again in late 1992 and remained very strong throughout the rest of 
the period shown. There are also the clear signals of distinct subtropical barriers 
appearing at around 20° latitude in both hemispheres in late 1993 and early 1994. 
The meridional PV gradients at the equator are consistently greater than those in 
the subtropics at this height. 
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When the zonal mean meridional PV gradient, figure 6-1 is compared with the 
zonal mean zonal wind, figure 6-2, a direct connection between the strength of the 
equatorial PV barrier and the meridional shear in the zonal wind becomes clear. 
From equation 3.3, PV has a strong dependence on the meridional shear in zonal 
wind . The meridional gradient in PV therefore has a strong dependence on ey 
82, A strong maximum in westerly wind at the equator means there is a strong 
meridional gradient in PV at the equator, as is the case in the first half of 1993, 
when the QBO is in its westerly phase. 
This is the situation examined in figure 6-3b. The meridional gradient in relative 
vorticity (solid line, left hand scale) and (dash-dotted line, left handay 
scale) are very similar througout the tropical region, demonstrating the vorticity 
is dominated by the first term in equation 3.3. The other terms in equation 3.3 
only become important at high latitudes. There is a strong peak in just south 
of the equator, very close to the peak in the zonal wind (dotted line, right hand 
scale). Hence the position of a sharp maximum in westerly wind is a good guide to 
position of the maximum in its double derivative, and therefore the position of the 
maximum gradient in relative vorticity. The meridional gradient in the Coriolis 
parameter, f (= 2w sin 0), (dashed line, left hand scale) is highest at the equator. 
The two functions in the potential vorticity equation, 6.1, therefore combine to 
give strong meridional PV gradients across the equator when the QBO is in its 
westerly phase. 
P = ((o + f)(—gae/ap) 	 (6.1) 
When the QBO is in its easterly phase, there is a much smaller meridional gradient 
in relative vorticity at the equator, as seen in figure 6-3a, and equatorial PV 
gradients are therefore also much lower. From June to October 1992 there are 
strong easterly winds centred at the equator, and this produces the weakest period 
in the equatorial PV barrier. When the zonal wind at the equator is easterly, and 
the zonal wind in the subtropics is westerly, there are sharp changes in zonal wind 
in the subtropics. Those sharp changes are associated with stronger subtropical 
PV gradients. Towards the end of the period shown in figure 6-2, the equatorial 
zonal wind is becoming easterly again. In early 1994 there are still a minimum in 
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Figure 6-3: The meridional gradient in the zonal mean of relative vorticity (solid 
line, left hand scale), the meridional gradient in the coriolis parameter (dashed line, 
left hand scale), the second differential of zonal wind(dash-dotted line, left 
hand scale), and zonal wind (dotted line, right hand scale) on (a) 14 August 1992 
and (b) 14 August 1993. 
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6.1.4 PV distribution during periods of strong and weak 
meridional PV gradients at the equator 
Figures 6-4a and 6-4b show PV at 530K for two similar days during periods of 
the weakest and strongest meridional PV gradients at the equator respectively. 
Figure 6-4a is for the 14 August 1992, the same day as figure 6-3a, which is in the 
middle of the weak phase in equatorial PV gradients at 530K seen in figure 6-1. 
The QBO is in its easterly phase on the 14 August 1992 at 530K, the same day as 
figure 6-3b. Figure 6-4b is for the 14 August 1993, when conditions are the same 
as in figure 6-4a except that the QBO is in the opposite, westerly phase at 530K. 
As expected from figure 6-1 there are significant differences in the meridional 
PV gradients at the equator between these two days. In 1992 there is no clear 
concentration of PV contours in the equatorial region. The PV contours in the 
tropics are fairly disturbed and there are a large number of sharp curves and small 
structures. In 1993 the 0 contour is more consistently close to the equator and less 
disturbed than in 1992. The -10 x 10-6  and 10 x 10 6Kkg 1 m28' contours are 
parallel and relatively close to the 0 contour so the PV gradient at the equator is 
much higher than in 1992. 
PV isolines in the southern subtropics are also far less disturbed in 1993 than in 
1992. This is because Rossby wave stirring of this region is higher in the easterly 
phase of the QBO (O'Sullivan and Chen, 1996). As described earlier, in section 6.1, 
the mid-latitudes of the northern hemisphere appear much better mixed in 1993 
than in 1992. There is a more clearly defined edge in PV between the subtropics 
and midlatitudes of the northern hemisphere in 1993. 
6.2 Vertical evolution of meridional PV gradi-
ents at the equator 
6.2.1 Normalised PV gradients 
As discussed in chapter 3, actual values of PV increase rapidly with height, so 
horizontal or time varying structure would not be revealed in a vertical cross-
section of PV. Normalising the PV on each isentrope allows the strength of the PV 
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Figure 6-4: UKMO PV on the 530K isentrope, on (a) 14 August 1992 and (b) 
14 August 1993. The contour labels are in units of 106Kkg1m2s1. 
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gradients to be seen relative to the typical PV values at each potential temperature. 
Vertical cross sections of normalised PV in this chapter show PV which has been 
normalised using the method described in chapter 3. 
Figure 6-5 shows a cross section of the evolution of the meridional gradient in 
normalised PV averaged between equivalent latitudes of 3N and 3S. The meridional 
PV gradients at the equator are consistently strongest between 420K and 530K. 
Strong gradients (greater than 0.002 degrees-latitude ') do reach up to 840K in 
the mid-stratosphere during the two periods July-November 1992 and January-
April 1993. 
Between June 1992 and December 1992 there appears to be a pattern of low 
meridional PV gradient which descends from 585K to 420K. This pattern there-
fore descends through the isentropes associated with the strongest meridional PV 
gradients. The descending pattern of weak PV gradients is the same feature as the 
period of weak PV gradients seen at 530K in figure 6-1. In the upper stratosphere 
there is a recurring cycle of low meridional PV gradient, which is semi-annual in 
frequency. This is associated with the SAO in zonal wind at the equator in the 
upper stratosphere, as explained below. 
6.2.2 Relationship to the zonal wind 
The discussion in section 6.1.3 demonstrated that the meridional PV gradient on 
the 530K isentropic surface at the equator is strongly related to the zonal wind. 
Figure 6-6 shows the evolution of the vertical distribution of zonal mean zonal 
wind averaged between equivalent latitudes of 3N and 3S. Comparing figure 6-5 
with figure 6-6 shows how the vertical structure in meridional PV gradient at the 
equator relates to the vertical structure in zonal wind at the equator. The periods 
of high meridional PV gradient in the lower stratosphere coincide with westerly 
zonal winds. 
The strongest meridional PV gradients in the lower stratosphere occur when there 
is an easterly vertical shear in zonal wind. The descending feature of weak merid-
ional PV gradients, described above, correlates strongly with the descending east-
erly phase of the QBO. There is strong westerly vertical shear in the lower strato-
sphere during the descending easterly phase (Swinbank and O'Neill, 1994b). 
The periods of weak meridional PV gradients in the upper stratosphere coin- 
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Figure 6-5: Average meridional gradient in normalised PV between 3N and 3S 
in equivalent latitude. PV has been normalised by division by the global average 
at each height. Contours are in units of degrees of equivalent latitude - '. 
Figure 6-6: Average zonal wind between 3N and 3S in equivalent latitude. 
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stratosphere. This is apparently the opposite pattern of response to that of the 
lower stratosphere to the QBO. However, when the zonal mean zonal wind at 
1260K, figure 6-7, is examined the pattern of PV gradients in the equatorial 
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Figure 6-7: Zonal mean zonal wind on the 1260K isentropic surface. Contours 
spaced at 10 ms' intervals. 
During equinoctial periods strong westerlies at the edges of the polar vortices 
extend into mid-latitudes. The winds in the spring hemisphere persist into the 
period when accelerating westerlies occur in the opposite hemisphere as the vor-
tex there begins to form. High speed Kelvin waves and gravity waves depositing 
zonal momentum in the upper stratosphere help to generate westerly winds at 
the equator (Hitchman and Leovy, 1988). However, the strength of the wester-
lies in mid-latitudes causes a minimum in westerly wind at the equator during 
the equinoctial period, so meridional gradients in potential vorticity are low at 
the equator. In the solsticial periods easterly jets in the subtropics of the sum-
mer hemisphere (Hamilton and Mahiman, 1988) mean there are sharp changes 
in meridional wind at the equator, with significant, so there are stronger PV 
gradients at the equator than are seen in equinoctial periods. 
The high meridional PV gradients seen in the mid-stratosphere from July to 
November 1992 and from January to April 1993 appear to be associated with 
strong easterly vertical shear in the mid-stratosphere. This easterly vertical shear 
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arises through a combination of SAO easterlies in the upper stratosphere above 
QBO westerlies in the middle to lower stratosphere (Swinbank and O'Neill, 1994b). 
However this apparent dependence on vertical shear is an artefact of the interac-
tion of the SAO with the QBO in the mid-stratosphere. The periods of strong 
meridional PV gradient in the equatorial mid-stratosphere, and their interruption 
by a period of weak gradients between the beginning of November 1992 and the 
end of January 1993 are actually related to zonal wind at the equator, as above. 
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Figure 6-8: Zonal mean zonal wind on the 740K isentropic surface. Contours 
spaced at 5 ms' intervals. 
Figure 6-8 shows the zonal mean zonal wind on the 740K isentropic surface. The 
QBO gives rise to a period of weak equatorial easterlies or equatorial westerlies 
between late June 1992 and late May 1993. These westerlies are associated with a 
strong meridional PV gradient across the equator when there are easterlies in the 
subtropics. Between the beginning of November 1992 and the end of January 1993 
the SAO in the upper stratosphere is in its westerly phase. This means there are 
westerly winds at the equator and in the subtropics of the northern hemisphere. 
The westerlies also extend about 100  into the subtropics of the southern hemi-
sphere. The presence of SAO westerlies in the subtropics causes the gap in the 
strong meridional PV gradients in the westerly phase of the QBO because the rel- 
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atively fiat distribution of the zonal wind meansis small at the equator. The 
meridional PV gradients at the equator in the mid-stratosphere therefore depend 
on the phases of both the SAO and the QBO. This makes any potential study of 
cross-equatorial transport in the mid-stratosphere quite complicated. 
6.3 Cross-equatorial differences in MLS measure-
ments 
High meridional PV gradients at the edges of the polar vortices have been shown 
to act as a quasi-permeable barrier to isentropic mixing (McIntyre, 1989; Bowman, 
1993a; Schoeberl et al., 1992; Pitts and Thomason, 1993). If the high meridional 
PV gradients at the equator act as a similar barrier to isentropic mixing there 
should be some evidence of this in measured tracer distributions. An equatorial 
PV barrier is not expected to cause cross-equatorial differences in tracer mixing ra-
tios, but it would preserve any systematic interhemispheric differences, or seasonal 
cross-equatorial differences (Chen et al., 1995). The absence of a barrier would 
allow rapid cross-equatorial mixing. In this case no systematic difference between 
tracer mixing ratios in the northern and southern tropics would be expected, unless 
there were significant differences in vertical transport. 
The PV gradients at the equator observed in the UKMO assimilation vary in 
strength over time, section 6.1.3. A related variation in the amplitude of cross-
equatorial differences in tracer mixing ratio would be important evidence to sup-
port the existence of a quasi-permeable barrier to isentropic mixing at the equator. 
This section reports studies of cross-equatorial differences in tracer mixing ratios 
measured by MLS. 
6.3.1 Cross-equatorial differences in MLS water vapour 
mixing ratio 
Figure 6-9 shows the vertical evolution of the difference in the zonal average 
of MLS-measured water vapour mixing ratio between the northern tropics (7N-
13N) and the southern tropics (7S - 13S). If mixing within the tropics was being 
inhibited by the presence of the high meridional PV gradients at the equator, some 
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correlation between this difference and the variation in strength of the equatorial 
PV gradients might be expected. 
The strongest signal in this cross-equatorial difference is an annual variation in the 
mid-stratosphere. The difference is positive in northern winter and spring, and 
negative in southern winter and spring. The most likely cause of this annually 
varying difference is the seasonal movement of the upward branch of the Brewer-
Dobson circulation, as suggested by Carr et al. (1995). In this case, greater solar-
heating rates in the summer hemisphere cause greater ascent rates in the tropics of 
the summer hemisphere. Because ascending tropical air has a lower water vapour 
mixing ratio, this would produce a positive cross-equatorial difference in northern 
winter, and a negative cross-equatorial difference in northern summer, as seen in 
figure 6-9. Seasonal variations in the strength of barriers to mixing in the sub-
tropics, as illustrated by Grant et al. (1996) may also be an important influence. 
The weaker signal of a semi-annual oscillation superposed on this annual variation 
is not as easily explained. It may be connected with vertical motions induced by 
the SAO in tropical zonal winds in the upper-stratosphere (Ray et al., 1996). 
In the lower part of figure 6-9 two rising signals of cross-equatorial difference 
are visible. The first of these is a positive difference which rises from 530K in 
November 1991 to 840K in May 92, before it is obscured by the annual signal 
described above. The second signal is a stronger and negative difference, which 
rises from 585K in December 1993 to 840K in April 1994. Both these signals 
follow a similar path to the rising signal in water vapour mixing ratio due to the 
annual variation in tropical tropopause temperature, first demonstrated in UARS 
measurements by Mote et al. (1995). This feature is often referred to as the 
'Tropical Tape-Recorder'. 
6.3.2 Cross-equatorial differences in the tropical tape-recorder 
Comparison of cross-equatorial differences with the tropical tape-recorder 
signal 
Plots similar to those of Mote et al. (1995) are reproduced in figure 6-10 in isen-
tropic co-ordinates for ease of comparison with figure 6-9. The MLS water vapour 
mixing ratio measurements have been averaged between uN and uS, and the 
time mean on each isentropic surface has been subtracted. This gives the devia-
tion from the time mean profile in the central tropical region. Three half cycles of 
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the rising signal of annual variation in tropical tropopause temperature are clearly 
visible in this figure. The step like appearance in the rising signals are an artifact 
of the vertical resolution of the MLS version 3 retrieval. When the main part of 
the rising signal falls between two MLS grid points, it is not strongly resolved 
(Mote et al., 1995). 
By comparing figures 6-9 and 6-10 it can be seen that the region of rising neg-
ative difference centred on 655K in March 1992 correlates with a low in tropical 
water vapour mixing ratio. The region of rising positive cross-equatorial difference 
centred on 740K in April 1993 also correlates with a low in tropical water vapour 
mixing ratio. This suggests that the cross-equatorial differences in water vapour 
mixing ratio may be due to a cross-equatorial difference in the amplitude or ascent 
rate of the tropical-tape-recorder signal. Furthermore, the phase of this difference 
is opposite in March 1992 and April 1993. If there is a significant cross-equatorial 
difference in the tape-recorder signal, some inhibition of mixing between northern 
and southern tropics may be occurring. It is important to try and understand 
the processes that are causing the differences, so the significance of the possible 
inhibition of cross-equatorial mixing can be estimated. 
6.3.3 Possible causes of cross-equatorial differences in the 
tape-recorder signal 
There are at least three possible causes of differences in the tropical tape-recorder 
between the northern and southern tropics, and these will be discussed in turn. 
Firstly, there may be seasonal differences in vertical motion and vertical mixing 
rates either side of the equator. Vertical mixing (Dewan, 1981) attenuates the 
tape-recorder signal (Mote et al., 1996). Different vertical mixing rates on either 
side of the equator would cause cross-equatorial differences in the strength of the 
tape-recorder signal. If differences in vertical mixing were solely responsible for 
the cross-equatorial differences shown in figure 6-9, the mixing would have to be 
stronger in the south in the first dry phase, and stronger in the north in the last 
dry phase. 
Secondly, differences in vertical motion could occur as a result of the seasonal 
movement in the upward branch of the Brewer-Dobson circulation described above. 
However, this effect would be expected to give a roughly annual change in the cross-
equatorial difference, as is seen in the mid-stratosphere. It could not explain the 
opposite differences in tape-recorder signal seen during the two rising dry phases, 
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Figure 6-9: Cross-equatorial difference in the zonal average of MLS water vapour 
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Figure 6-10: The deviation from the time mean of MLS-measured water vapour 
mixing ratio, averaged between equivalent latitudes of uN and uS 
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seen at 530K in November 92 and November 93 respectively. Mote et al. (1996) 
showed that the QBO affects the tropical ascent rate, to the extent that the tape 
recorder signal may reach the stratosphere up to a month earlier or later than it 
would without the influence of the QBO. An interhemispheric difference in the 
strength of this QBO-induced change in ascent rate in the tropics, could be a 
credible cause of cross-equatorial differences. 
Finally, differential rates of mixing of tropical air with mid-latitude air in the 
two hemispheres could be an important effect. The strength of any subtropical 
barrier to mixing would vary with the phase of the QBO, because of the different 
meridional shears in zonal wind produced in the tropics during the different QBO 
phases. A QBO-related phenomenon fits with the opposite-annual response seen 
in figure 6-9. Different sub-tropical mixing rates would be expected to attenuate 
the tropical tape-recorder signal at different rates (Mote et al., 1996). However, 
significant variation in mixing of wetter mid-latitude air into the dry southern 
or northern tropics would produce cross-equatorial differences which would not 
appear to follow the tropical tape-recorder signal. This explanation is difficult to 
fit with the the fact that the cross-equatorial differences appear to rise with the 
tape-recorder signal. 
The tape-recorder signal plotted seperately for the two hemispheres 
Figure 6-11 shows the tape-recorder signal averaged over latitude ranges of (a) 
uN to 5N, (b) 5S to uS, analysed as in figure 6-10. It is important to remember 
that these are the deviations from the time mean water vapour mixing ratio on 
each isentrope, and not the absolute values used to calculate the cross-equatorial 
difference shown in figure 6-9. There are definite differences in the tropical tape-
recorder signal on either side of the equator. In the northern tropics, the two 
ascending dry phases and one ascending wet phase are clearly defined up to 960K. 
In the southern tropics the different phases of the tape-recorder become spread 
over a greater height range between 655K and 960K. The lines of zero deviation 
between the different phases ascend more rapidly. 
Following on from the discussion above, an explanation of the causes of the main 
cross-equatorial differences in the lower stratosphere, consistent with the results 
shown in figures 6-9 and 6-10 can be given with reference to figure 6-11. In the 
first ascending dry phase of the tape recorder, the dry region between 655K and 
740K in March 1992 is less well defined, and probably more vertically mixed in 
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Figure 6-11: As figure 6.10 but between : (a) uN and 5N, (b) 5S and uS. The 
time mean is calculated separately for each plot. 
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the southern tropics. This causes the negative cross-equatorial difference in this 
period. The final ascending phase in 1993 ascends more rapidly in the southern 
tropics, and this causes the strong positive cross-equatorial difference seen during 
this period. The cross-equatorial differences appear to be caused by different 
processes at different times, namely different vertical mixing rates and different 
ascent rates in the northern and southern tropics. 
6.3.4 Relationship between cross-equatorial differences and 
equatorial PV gradients 
It is difficult to prove any direct relationship between the PV gradients at the 
equator and the cross-equatorial difference in water vapour mixing ratio. There are 
a large number of different transport and mixing processes affecting water vapour 
mixing ratios in the tropics. There is a quasi-annual signal from the tropical tape-
recorder itself and variation in tropical ascent due to circulations induced by the 
Q BO in lower stratosphere zonal winds at the equator. Vertical motions in the 
subtropics are also induced by the QBO (Gray and Pyle, 1989). There is also 
an uncertain and variable amount of mixing occurring between tropics and mid-
latitudes (Mote et al., 1996; Minschwaner et al., 1996; Volk et al., 1996; Avallone 
and Prather, 1996). 
If the PV gradients at the equator are helping to maintain this cross-equatorial dif-
ference in water vapour mixing ratio, a period of small cross-equatorial difference 
coinciding with the period of weakest PV gradients might be expected. Unfortu-
nately, the largest gap in MLS water vapour measurements occurs in the middle 
of the period of weakest PV gradients in the lower stratosphere in mid 1992, figure 
6-5. Either side of the gap in MLS measurements in June-July 1992 there are 
low cross-equatorial differences which may be descending from 655K to 530K, but 
this is hardly compelling evidence. It is possible that later versions of the MLS 
retrieval, with better accuracy and higher vertical resolution, may provide a more 
consistent picture. 
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6.4 Summary 
In this chapter, the evolution of the meridional gradients in UKMO PV at the 
equator, first observed by Chen et al. (1995), is studied for the first time. A 
contour plot of the zonal mean meridional gradient in UKMO PV at 530K is 
calculated for the main period of MLS observation, October 1991 - March 1994. 
This plot highlights the known interhemispheric and interannual differences in the 
strength of the polar vortices. The variations in the PV gradients at the edge of 
the vortices are described in relation to the changes in the zonal mean zonal wind 
on equivalent latitude. There is also a description of observed interhemispheric 
and interannual variation in the regions of low meridional mixing ratio gradient 
in the summer hemisphere, and mid-latitudes of the winter hemisphere. 
There is a region of high meridional PV gradients at the equator in the UKMO 
data. The strength of the gradients varies with the phase of the QBO in equatorial 
zonal wind. When the QBO is in its westerly phase, this means there is easterly 
(westerly) shear north (south) of the equator. This sharp gradient in shear vor-
ticity across the equator and the high gradient in the coriolis parameter at the 
equator combine to give rise to high meridional PV gradients because these are 
the two main terms in the potential vorticity equation. During the easterly phase 
of the QBO, the gradient in shear vorticity across the equator is opposite in sign, 
and meridional gradients in relative vorticity and PV are much weaker. During the 
period studied, meridional PV gradients at 530K were strong in late 1991, weak 
for most of 1992, became stronger again in late 1992, stayed strong all through 
1993, starting to weaken slightly in early 1994. 
The global distribution of PV is shown for single days in both the strong easterly 
phase (14 August 1992) and strong westerly phase (14 August 1993) of the QBO. 
During the strong westerly phase PV contours are closely spaced in the equatorial 
region, and run almost parallel to the geographic equator. During the strong 
easterly phase, PV contours in the equatorial region are more widely spaced and 
relatively disturbed. 
An indication of the relative strength of equatorial PV gradients on different isen-
tropes is given by using normalised PV, which is PV divided by the global average 
PV on each isentrope. The evolution of the vertical distribution of meridional PV 
gradient at the equator is shown. There is a descending weak feature in meridional 
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PV gradients at the equator which correlates strongly with the descending easterly 
phase of the QBO. There are also significant features in meridional PV gradients 
in the middle and upper stratosphere. In the upper stratosphere there are periodic 
minima in the meridional PV gradient at the equator associated with the westerly 
phase of the SAO. This is because strong westerlies in mid-latitudes mean there is 
a minimum in westerly wind at the equator during equinoctial periods in the upper 
stratosphere. In the middle stratosphere the combined influences of the QBO and 
SAO need to be invoked to explain the changes in meridional wind shear across 
the equator. 
In an attempt to test if the meridional PV gradients at the equator present a real 
barrier to mixing, cross equatorial differences in the water vapour mixing ratios 
measured by MLS are studied. There are regions of positive and negative cross-
equatorial difference which ascend at a similar rate to the tropical "tape-recorder" 
signal. When a vertical section of deviation from time-mean of MLS water vapour 
is plotted for the northern and southern tropics separately, significant differences 
in the pattern of tropical tape-recorder signal are visible. In the ascending dry 
phase of the tropical tape-recorder in late 1991 - early 1992 there appears to be 
greater vertical mixing in the southern tropics than in the northern tropics. In 
the ascending dry phase in late 1992 - early 1993 the tropical tape-recorder signal 
appears to have a faster ascent rate in southern tropics than in the northern 
tropics. The presence of these cross-equatorial differences may offer some support 
for the view that there is some inhibition of mixing across the equator. However, 
observed interhemispheric differences in water vapour mixing ratio in the tropics 
are not strongly correlated with changes in the meridional PV gradient across the 
equator derived from UKMO data. This is not suprising considering the variety of 
processes that could be affecting the distribution of water vapour in the tropics. 
The existence of a real barrier to transport at the equator is therefore not firmly 
established by these data. Improvements in the accuracy and vertical resolution 
of the MLS data are expected from a forthcoming non-linear retrieval, which may 
lead to more direct evidence for inhibition of mixing at the equator. There is also 
the possibility that there is valuable evidence in extensive measurements of other 
tracers, including N20 and CH4 . 
Thus this chapter has established that 
• The seasonal variation in the strength of meridional gradients in PV in the 
equatorial stratosphere in UKMO data is studied for the first time. 
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• Strong and weak phases in the meridional PV gradients in the lower strato-
sphere have been shown to be correlated with the westerly and easterly 
phases of the QBO. 
• The evolution of the vertical distribution of meridional gradients in PV at 
the equator is studied using PV normalised by dividing by its global average. 
• Descending structures in meridional PV gradients in the lower stratosphere 
have been shown to be related to the descending phases of the QBO winds. 
• Variation in meridional PV gradients in the upper and middle stratosphere 
can be explained using SAO and QBO variations in equatorial and subtrop-
ical winds. 
• There are some significant cross-equatorial differences in MLS water vapour 
measurements in the tropics. 
• These cross-equatorial differences are related to interhemispheric differences 
in the tropical tape-recorder signal. 
• Results so far do not reveal a strong correlation between cross-equatorial 
differences in water vapour mixing ratio and the variations in meridional PV 
gradient at the equator. 
Chapter 7 
Summary and Conclusions 
7.1 Results 
In this section a summary of the results from the main research-chapters, 4,5 
and 6, is presented. Results from shorter studies included in chapters 2 and 3 
are summarised first. Chapter 2 includes accounts of some original studies of 
the accuracy and precision of measurements of the water vapour mixing ratio 
made by MLS. The precision of MLS measurements of water vapour mixing ratio 
is estimated by comparing of near-coincident measurements which occur in the 
MLS tangent track (figure 2-6). In the stratosphere precision is estimated to vary 
from less than 0.2ppmv in the lower stratosphere to up to 0.45ppmv in the lower 
stratosphere. 
Water vapour mixing ratio measurements made by MLS (version 3) are compared 
with measurements made by the HALOE instrument on the UARS satellite. MLS 
measurements were sampled in a pattern mimicking the pattern of HALOE oc-
cultation measurements. The two sets of results were then compared in the zonal 
mean. This comparison indicates that MLS measures water vapour mixing ratios 
fairly accurately in the lower stratosphere, but over-estimates mixing ratios in the 
upper stratosphere by up to 1.5ppmv (figure 2-12). 
Original comparisons of MLS water vapour measurements with measurements from 
ISAMS and CLAES on UARS are also described. Calculated zonal mean differ-
ences between MLS and ISAMS, and MLS and CLAES, both show significant and 
different dependencies on latitude. No significant latitude dependence was seen in 
the differences between MLS and HALOE, indicating MLS and HALOE are both 
more consistent over the whole latitude range than CLAES and ISAMS. 
The systematic zonal mean differences between version 3 and version 4 of the MLS 
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retrieval of water vapour mixing ratios were studied for a northern late-winter 
period (figure 2-16). There was a significant vertical gradient in the version 3-
version 4 difference, with small differences in the lower stratosphere increasing to 
up to 0.9ppmv in the upper stratosphere. Version 4 results are therefore closer 
than version 3 to other correlative data sets in the upper stratosphere. 
In chapter 3, meridional gradients in normal and equivalent latitude zonal means 
are compared for the late winter northern hemisphere of 1992 (figure 3-2). Merid-
ional tracer gradients at the vortex edge are much more strongly resolved in equiv-
alent latitude. Meridional tracer gradients in the sub-tropics of the middle strato-
sphere are slightly weaker in equivalent latitude than in normal latitude. 
In chapter 4 the zonal mean water vapour mixing ratios at 530K during two 
northern and one southern late-winters were compared on equivalent latitude (fig-
ure 4-2). In the southern hemisphere during late-winter and early-spring there 
is a region of significant dehydration inside the vortex in the lower stratosphere. 
This dehydrated region is enclosed by a region around the vortex edge with a local 
maximum in water vapour mixing ratio. The water vapour mixing ratios in the 
tropics show strong differences between the northern and southern winters, and 
there is also a smaller difference between the two northern winters observed. 
The zonal means of water vapour mixing ratio at 530K measured during the late-
winter periods of 1993 in the southern hemisphere and northern hemisphere are not 
significantly different in mid-latitudes. The mixing ratios in the mid-latitudes of 
the northern hemisphere during late-winter of 1992 are -.s0.12ppmv greater than 
the mixing ratios in the mid-latitudes of the southern hemisphere during late-
winter 1993 The combined error of the two lines is '-.'0.09ppmv, so the difference is 
significant. Zonal mean ozone mixing ratios in the mid-latitudes of the the north-
ern hemisphere in 1992 are also significantly greater than those in the southern 
hemisphere of 1992 and northern hemisphere of 1993. 
There is a meridional gradient in water vapour mixing ratio across the dehydrated 
interior of the Antarctic vortex, which corresponds with a similar meridional gra-
dient in MLS-measured temperatures across the interior of the vortex. There are 
no similar gradients in water vapour mixing ratio or temperature across the Arctic 
vortex in the two years studied. 
The vertical structure of the zonal mean of water vapour mixing ratio is also 
studied on equivalent latitude for the same three periods (figure 4-5). Features in 
high latitudes common to all three periods included : (i) zones of net downward 
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displacement of water vapour isopleths in high latitudes, due to descent inside the 
polar vortices; (ii) maxima in water vapour mixing ratio in the high latitudes of the 
upper stratosphere (iii) mixing ratio gradients in the sub-tropics and mid-latitudes 
of the upper-stratosphere in the northern hemisphere. 
Most of the most interesting features occur in and around the Antarctic vortex. 
There is a zone of strong dehydration in the lower stratospheric part of the Antarc-
tic vortex which interrupts the downward displacement of isopleths. At the edge of 
the Antarctic vortex in the lower stratosphere isopleths form a "u" shape. There 
is a separate mixing ratio maximum at the centre of the Antarctic vortex in the 
middle stratosphere. There is no significant structure inside the late-winter Arctic 
vortices of 1992 and 1993 in the mid-stratosphere. 
In chapter 5 the evolution of the structure in and around the Antarctic vortex over 
the yaw period is studied using both MLS water vapour and ozone mixing ratios 
(figures 5-1 and 5-3). The gradient across the vortex in the middle stratosphere 
weakens over the period, and no strong mixing ratio gradient across the interior of 
the vortex in the mid-stratosphere is discernible by the end of the period. In the 
ozone measurements a feature appears in a similar position at the vortex centre 
in the mid-stratosphere. However the feature is an ozone maximum, is weaker 
than the equivalent feature in water vapour measurements, and disappears more 
rapidly than the equivalent feature in water vapour measurements 
Ozone mixing ratios in the middle to upper stratosphere are observed to increase 
over the yaw period, with isopleths apparent moving poleward from the tropics. 
This increase in mid-latitude ozone mixing ratio at 1100K is accompanied by an 
equivalent decrease in tropical ozone mixing ratios, relative to the general increase 
in ozone mixing ratios in the southern hemisphere, caused by the equatorwards 
movement of the region of maximum solar irradiation. 
The differences between average mid-latitude and vortex mixing ratios of water 
vapour at 740K and 840K are observed to decrease significantly during the same 
yaw period. A similar decrease in difference occurs for average ozone mixing ratios 
from 960K to 1260K. The timescales of these changes are estimated using a simple 
exponential model. The timescales are in the range 60 - 75 days from 740K to 
960K, but closer to 50 days at 1100K and 1260K. 
In chapter 6 the evolution of the meridional gradients in UKMO PV at the equator, 
first observed by Chen et al. (1995), is studied for the first time. There is a region 
of high meridional PV gradients at the equator in the UKMO data. During the 
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period studied, meridional PV gradients at 530K were strong in late 1991, weak 
for most of 1992, became stronger again in late 1992, stayed strong all through 
1993, starting to weaken slightly in early 1994 (figure 6-1). The strength of the 
gradients appears to be linked to the phase of the QBO in equatorial zonal wind. 
When the QBO is in its westerly phase there is a band of very high meridional 
gradients confined close to the equator. During the easterly phase of the QBO, 
the meridional gradients in PV are weaker and spread further into the tropics. 
The vertical evolution of PV gradients at the equator is studied using a normalised 
form of PV (figure 6-5). There is a descending weak feature in meridional PV 
gradients at the equator which correlates strongly with the descending easterly 
phase of the QBO. There are also significant features in meridional PV gradients 
in the middle and upper stratosphere. In the upper stratosphere there are periodic 
minima in the meridional PV gradient at the equator associated with the westerly 
phase of the SAO. 
In an attempt to test the physical reality of the meridional PV gradients at the 
equator, cross equatorial differences in the water vapour mixing ratios measured 
by MLS are studied. There are regions of positive and negative cross-equatorial 
difference which ascend at a similar rate to the tropical "tape-recorder" signal 
(figure 6-9). Separate vertical sections of deviation from time-mean of MLS water 
vapour for northern and southern tropics indicate there are significant differences 
in the pattern of tropical tape-recorder signal. In the ascending dry phase of the 
tropical tape-recorder in late 1991 - early 1992 there appears to be greater vertical 
mixing in the southern tropics than in the northern tropics (figure 6-11). In the 
ascending dry phase in late 1992 - early 1993 the tropical tape-recorder signal 
appears to have a faster ascent rate in southern tropics than in the northern 
tropics. 
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7.2 Conclusions 
In this section the main conclusions drawn from the results summarised in section 
7.1 are described. The results from the validation of MLS described in chapter 
2 demonstrate that the MLS measurements of water vapour and ozone mixing 
ratios are sufficiently accurate and reliable to be used in studies of stratospheric 
dynamics. The test of the effects of equivalent latitude on the zonal mean dis-
tribution of tracers in chapter 3, shows that it can be a useful tool for resolving 
vortex structure, especially in the northern hemisphere. 
The reduced water vapour mixing ratios inside the southern vortex observed in 
chapter 4 are due to the known dessication of the vortex interior due to the for-
mation and subsidence of ice particles, as observed by Vömel et al. (1995). The 
maximum in water vapour mixing ratios at the edge of the southern vortex in the 
lower stratosphere, observed in the interhemispheric comparison at 530K, is due to 
a ring of descent around the vortex edge predicted by previous modelling studies 
(Manney et al., 1994b). The seasonal and annual variation of mixing ratios in the 
tropics is associated with the tropical "tape recorder", observed by Mote et al. 
(1995) which is modulated by the phase of the QBO. 
The small difference in mid-latitudes between the southern hemisphere of 1992 and 
the northern hemisphere of 1993 suggests the dehydrated air inside the Antarctic 
vortex does not get mixed into mid-latitudes at this level. This evidence lends 
new support to the view that the Antarctic vortex is not acting like a "flowing 
processor" during southern winter and spring. The significant difference in mid-
latitudes between the southern hemisphere and the northern hemisphere of 1992 
does not necessarily contradict this view. The results from the interhemispheric 
comparison of ozone mixing ratios at 530K suggest that the northern vortex is 
the source of air of high water vapour content mixing into northern mid-latitudes. 
Therefore, mixing of air out of the northern vortex can significantly influence 
mid-latitude mixing ratios in the northern hemisphere. 
The meridional gradient in water vapour mixing ratio across the interior of the 
Antarctic vortex at 530K indicates the vortex has some internal structure, and 
has relatively slow rates of large scale mixing. The Arctic vortex is not subject 
to dehydration processes to the same extent as the Antarctic vortex, so direct 
comparisons cannot be drawn, but the lack of evidence for internal structure in 
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Arctic vortex may indicate it is more strongly mixed than the Antarctic vortex, 
as suggested by Hoffman et al. (1991). 
As described above, there are several interesting features in the vertical distribu-
tion of water vapour in and around the Antarctic vortex. The "u" shape at the 
vortex in the lower stratosphere is caused by a combination of the dehydration 
and continuing strong descent in a ring around the vortex edge. The existence of 
a meridional gradient in water vapour mixing ratio across the Antarctic vortex in 
the mid-stratosphere suggests timescales for mixing inside the Antarctic vortex in 
the middle stratosphere are longer than those for diabatic descent. The late-winter 
Arctic vortices of 1992 and 1993 appear well mixed. These results are the first 
satellite measurements of passive tracers to support the balloon measurements 
of Hoffman et al. (1991) which indicate there is significant structure inside the 
Antarctic vortex. 
The reduction in net difference between average vortex and mid-latitude mixing 
ratios over the period is an Indication of poleward mixing of mid-latitude air. 
Because some descent may still be occurring inside the vortex the mixing timescales 
estimated are an upper bound on the timescale of mixing across the vortex edge. 
The upper bounds on mixing timescale are consistent with a strongly confined 
vortex in the mid-stratosphere. At higher potential temperatures the vortex is 
known to be weaker, and more subject to Rossby-wave disturbance, which may 
explains the slightly shorter mixing timescales at 1100K and 1260K. 
The study in chapter 6 revealed the long-term evolution of the high meridional 
PV gradients at the equator for the first time. During the westerly phase of the 
QBO the shear vorticity across the equator and the high gradient in the coriolis 
parameter at the equator combine to give rise to high meridional PV gradients 
because these are the two main terms in the definition of potential vorticity. During 
the easterly phase of the QBO, the gradient in shear vorticity across the equator 
is opposite in sign, and meridional gradients in relative vorticity and PV are much 
weaker. 
The vertical evolution of meridional PV gradients at the equator in the lower 
stratosphere is also explained in relation to meridional shear in zonal wind, and 
the descending phases of the QBO. Minima in equatorial PV gradient in the 
upper stratosphere are associated with the westerly phase of the SAO because 
strong westerlies in mid-latitudes mean there is a minimum in westerly wind at 
the equator during equinoctial periods in the upper stratosphere. In the middle 
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stratosphere the combined influences of the QBO and SAO need to be invoked to 
explain the changes in meridional wind shear across the equator. 
The presence of cross-equatorial differences in MLS water vapour mixing ratios 
in the tropics may offer some support for the view that there is some inhibition 
of mixing across the equator. However, observed interhemispheric differences in 
water vapour mixing ratio in the tropics are not strongly correlated with changes 
in the meridional PV gradient across the equator derived from UKMO data. The 
existence of a real barrier to transport at the equator is therefore not firmly es-
tablished by these data. 
7.3 Future work 
There are several potential avenues of future research arising from this dissertation. 
There is clear potential to study interhemispheric differences in the distribution 
of other tracers in and around the polar vortices, to improve our knowledge of 
mixing rates inside the vortex, and across the vortex edge. N20 measurements 
from the CLAES instrument on UARS are an obvious example of data which could 
be treated in a very similar way to MLS water vapour and ozone is in chapters 4 
and 5. 
Unfortunately, the full set of MLS measurements were not reprocessed as ver-
sion 4 in time to be used to study cross-equatorial differences in this disserta-
tion. They would probably offer a superior view of the differences in the "tropical 
tape recorder" between the northern and southern tropics. Furthermore future 
non-linear versions of the retrieval are currently in development, which will offer 
improved accuracy and vertical resolution, as well as the possibility of useful mea-
surements at lOOhPa. These data would clearly offer superior results if used in 
repeats of all the studies in this dissertation. 
Finally, a combination of MLS and UKMO data should be used to make a system-
atic study of variations in meridional gradients in water vapour and ozone mixing 
ratios and PV in the sub-tropics. The zonal mean distributions of both ozone 
and water vapour show strong meridional gradients in the sub-tropics in the lower 
stratosphere. A comparison of the variation in the strength of the meridional gra-
dients in these tracers and the variation of a dynamic quantity such as PV may 
produce interesting results. 




AAOE: Airborne Antarctic Ozone Experiment 
AASE: Airborne Arctic Stratosphere Expedition 
CLAES : Cryogenic Limb Array Etalon Spectromter 
HALOE : Halogen Occultation Experiment 
ISAMS : Improved Stratospheric and Mesospheric Sounder 
LIMS : Limb Infra-Red Monitor of the Stratoshere 
MLS : Microwave Limb Sounder 
NAT: Nitric Acid Tryhydrate 
NMC : National Meteorological Center 
NOAA: National Atmospheric and Oceanic Administration 
PSC : Polar Stratospheric Cloud 
PV : Potential Vorticity 
QB 0 : Quasi-Biennial Oscillation 
SAMS : Stratospheric and Mesospheric Sounder 
UARS : Upper Atmosphere Research Satellite 
UKMO : United Kingdom Meterological Office 
UT : Universal Time 
SAMS : Stratospheric and Mesospheric Sounder 
SAO : Semi-Annual Oscillation 
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4.3 Vertical structure of the vortex 
4.3.1 General description 
To study the differences in the northern and southern polar vortices more com-
prehensively, the use of equivalent latitude is extended to contour plots of zonal 
mean mixing ratio on several isentropic surfaces. These enable interhemispheric 
differences in the pattern of descent and interhemispheric differences in mixing in 
and around the polar vortices to be discerned. There are also interhemispheric 
and interannual differences in structures in the tropics and mid-latitudes. 
Figures 4-5a to c show the average vertical profile of water vapour on isentropic 
surfaces, for the first ten days of the one southern spring and two northern spring 
yaw periods. The "equivalent pole" can only be seen by MLS when the region 
of highest absolute potential vorticity is more than ten degrees away from the 
geographic pole. The periods used are identical to those used for the results on 
the 530K isentrope plotted in figures 4-1 and 4-2. The mixing ratios plotted at 
530K on each figure are exactly those used to plot each line in figure 4-2. 
The dashed line on each of figures 4-5a to c indicates the location of the max-
imum meridional gradient in zonal mean PV at the vortex edge. At potential 
temperatures above the termination of the dashed line it was difficult to define 
a meaningful equivalent latitude for the position of the vortex edge in the zonal 
mean in UKMO PV data. There is either no strong maximum in meridional PV 
gradient, or more than one significant maximum at different equivalent latitudes. 
The dashed lines also therfore give an indication of the vertical extent of a strong 
vortex edge for each period. 
The main features shown in figures 4-5a to c include: (i) the winter vortex, pole-
ward of approximately 60° in equivalent latitude, (ii) strong planetary-wave mix-
ing in the mid-latitudes of the lower and middle stratosphere, (iii) significant 
meridional gradients in the subtropics of the middle-upper stratosphere, (iv) the 
ascending branch of the Brewer-Dobson circulation in the tropics, (v) a tropical hy- 
gropause at varying heights, (vi) strong meridional gradients in the mid-latitudes of 
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the upper stratosphere associated with a strong westerly jet, where wave-breaking 
is suppressed (Dunkerton and O'Sullivan, 1996). These features will be discussed 
in detail in the following sections. 
Figure 4-6 shows the meridional gradient of normalised PV for the same three 
periods used in figure 4-5. As discussed in section 3.7, to be able to show vertical 
structure in PV gradients, PV is normalised by dividing by the global areally 
averaged PV on each isentropic surface. The gradients plotted in figure 4-6 are 
therefore a qualitative indication of the relative strength of the PV gradient at 
different latitudes for the full range of potential temperatures used in figure 4-5. 
4.3.2 Tropics and mid-latitudes 
Tropics 
Figures 4-5a - c all show the signature of the Brewer - Dobson upwelling in the 
tropics. The upwelling appears most narrow in figure 4-5a, and least narrow in 
figure 4-5c. The upwelling appears narrow because it tends to be biased towards 
the summer hemisphere. This not the case for the northern late-winter of 1993, 
figure 4-5c, as originally shown by Carr et al. (1995), when the upwelling is broad-
ened by circulations associated with the QBO (Dunkerton and O'Sullivan, 1996). 
There is a strong hygropause in the tropics at 655K in figure 4-5b, although the 
"real" hygropause is probably below 530K (Carr et al., 1995). In figures 4-5a and 
c the hygropause is below 530K. The changing height of the hygropause is related 
to the signal of the tropical tape recorder, as discussed in sections 4.2 and 1.3.3. 
There are significant meridional gradients in PV at the equator in the lower strato-
sphere in all the plots in figure 4-6. However, there is a substantial seasonal 
variation in the strength of these equatorial PV gradients. During northern late-
winter 1992, figure 4-6b, PV gradients at the equator were relatively weak, but 
by southern late-winter 1992, figure 4-6a they were much stronger, and remained 
strong during northern late-winter 1993, figure 4-6c. The variation in strength of 
meridional PV gradients at the equator is strongly related to the variation in the 
meridional shear in zonal wind, due to the QBO. This variation is investigated in 
chapter 6. 
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Subtropics 
In figure 4-5 there are significant meridional gradients in water vapour mixing ratio 
in the subtropics of lower and middle stratosphere in both hemispheres. These 
subtropical gradients mark the transition between the rising branch of the Brewer -
Dobson circulation in the tropics and the well-mixed regions in mid-latitudes. Only 
in figure 4-6b is there a significant maximum in meridional PV gradients in the 
subtropics. Figures 4-6a and 4-6c indicate meridional PV gradients are slightly 
higher in the subtropics than in mid-latitudes, but much less than the meridional 
PV gradients at the equator. Again these effects are related to the meridional shear 
in zonal wind and the effect of the QBO. The seasonal variation in sub-tropical 
PV gradients will be discussed further in chapter 6. 
The strong meridional gradients in mixing ratio centred between 300  and 40° in 
the upper stratosphere of the two northern hemisphere periods are associated with 
a westerly jet in the sub-tropics (Dunkerton and O'Sullivan, 1996). Breaking of 
Rossby waves is suppressed in the jet core. Wave-breaking in the flanks of the jet 
give rise to well mixed regions towards the pole and in the tropics of the upper 
stratosphere, emphasising the strong meridional gradients in the sub-tropics. The 
westerly jet is stronger and extends lower during the northern hemisphere period 
of 1992. In figure 4-5b these meridional gradients are also made to appear stronger 
by the strong "double peak" structure in the tropical upper stratosphere associated 
with the onset of the westerly phase of the SAO (Dunkerton and O'Sullivan, 1996). 
There are meridional gradients in mixing ratio in the sub-tropics of the southern 
hemipshere. These gradients are closer to the equator, as is the corresponding 
westerly jet, and appear to be part of a pattern of gradients extending from the 
lower to upper stratosphere in the subtropics. 
Mid-latitudes 
The mid-latitudes of the upper and middle stratospheres in figures 4-5 and 4-6 
all feature very low meridional gradients in water vapour mixing ratio and PV. 
This is because of strong breaking of planetary waves in this so called "surf zone" 
(McIntyre and Palmer, 1983). Rossby waves cannot break in the strong westerlies 
around the vortex, and they are also known to be inhibited inside the tropical 
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region (Plumb, 1996). The low meridional gradients in mid-latitudes are bounded 
by strong gradients at the tropical and polar boundaries of the mid-latitude region 
which emphasise the well mixed nature of the mid-latitudes. Of the three late-
winter periods studied, the weakest meridional PV gradients occur in the mid-
latitudes of the northern hemisphere in late-winter 1993. 
4.3.3 The polar vorticies 
Vortex strength 
The magnitude of meridional PV gradients at edges of the polar vortices in figure 
4-6 is an indication of the strength of containment of the vortices. The southern 
vortex in figure 4-5a has the strongest meridional gradients at its edge, which is 
at approximately 63°S. The normalised gradient reaches a maximum of .-' 8 x 10 
between 655K and 960K. Strong meridional gradients at the edge of the southern 
vortex can be discerned up to 1450K. The northern vortex of 1991-1992 in figure 4-
6b is smaller and weaker than the southern vortex. The edge of the northern vortex 
of 1991-1992 is at around 67°N, and maximum meridional gradients in normalised 
PV are 4 x 10-3  , approximately half those at the edge of the southern vortex. 
Significant PV gradients at the edge of the northern vortex of 1991-2 are only 
resolved up to about 1100K, so its vertical extent is also much less than that of 
the southern vortex. 
The northern vortex of 1992-1993 in figure 4-6c is stronger and larger than the 
vortex of 1991-2. It is comparable to the southern vortex of 1992 in both meridional 
and vertical extent. The maximum meridional gradient in normalised PV at the 
edge of the 1992-1993 northern vortex, 5 x iO, is still much weaker than for 
the southern vortex, but stronger than for the northern vortex of 1991-1992. The 
northern vortex of 1992-3 is more similar in structure to a typical southern vortex 
than is normally the case, and is found to have featured greater chemical ozone 
depletion than has been previously experienced in a northern vortex (Manney et 
al., 1994c). 
Figures 4-5a - c all show zones of net downward displacement of isopleths of water 
vapour mixing ratio in the polar regions of the lower and middle stratospheres. 
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This is the signature of previous descent inside the polar vortices (Harwood et 
al., 1993). The fact that the net downward displacement of isopleths is strongly 
preserved inside the vortices indicates the edge of the vortex inhibits isentropic 
mixing. In the lower stratosphere of the Antarctic vortex, figure 4-5a, there is 
a strong minimum in water vapour mixing ratio. This minimum is due to the 
dehydration of vortex air as a result of the formation of PSCs in low temperatures 
and the subsequent sedimentation of the large ice particles formed within the PSCs 
(Vömel et al., 1995). This effect interrupts the downward displacement of water 
vapour mixing ratio isopleths below 740K. 
Descent 
In figure 4-5a there is a "u" shaped downward bulge in the mixing ratio isopleths 
at the edge of the vortex (dashed line) in the lower stratosphere. This is the same 
feature as the mixing ratio maximum at the vortex edge seen in figure 4-2. As 
described in section 4.2 the maximum is an indication of strong descent at the 
edge of the vortex, as observed by Manney et al. (1994b). Mixing between the air 
of high mixing ratio at the vortex edge, and low mixing ratio towards the interior 
of the vortex is clearly only occurring at a very limited rate for this feature to be 
preserved. 
Descent appears to be uniform inside the northern vortex in the middle-lower 
stratosphere in figures 4-5b and c. There is a slight upward curve of isopleths 
towards the pole inside the 1992 northern vortex, figure 4-5c, indicating that 
descent may be stronger towards the vortex edge. There is a slight downward 
curve toward the pole in the 1993 northern vortex indicating that descent may 
be slightly stronger towards the vortex centre. It is possible that greater mixing 
inside the northern vortex (Manney et al., 1994b) may be reducing meridional 
gradients inside the vortex. 
Mixing ratio maxima 
Both hemispheres feature strong mixing ratio maxima in the high latitudes of 
the upper stratosphere, with maximum mixing ratios greater than 6.25 ppmv in 
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the upper stratosphere. The maximum mixing ratios in the southern hemisphere 
occur at the centre of the vortex in the middle stratosphere, where mixing ratios 
are greater than 6.5 ppmv. A water vapour mixing ratio of 6.Oppmv and over can 
only occur in the stratosphere if almost the whole methane content the air had 
when it entered the stratosphere through the tropical tropopause has been oxidised 
Jones et al. (1986), see section 1.3.1. Only air which has reached the top of the 
stratosphere has been exposed to enough solar ultra-violet for this to be true (Tuck 
et al., 1993; Jones et al., 1986). Using LIMS water vapour and SAMS methane 
measurements (Jones et al., 1986) found that the value of 2[CH4] + [H2 0] was 
fairly constant throughout the stratosphere, at a value of approximately 6.Oppmv. 
The maximum water vapour mixing ratio that could possibly be expected in the 
upper stratosphere would therefore be approximately 6.Oppmv. 
Several other measurements of 2[CH4] + [H2 0} have put the value of 2[CH4 ] 
+ [H20] slightly higher, including Engel et al. (1996) who estimated 6.91±0.41 
ppmv. The measured maximum mixing ratios are in the range of limits set by 
Jones et al. (1986) and Engel et al. (1996). However, the body of evidence suggests 
that the accuracy of measured water vapour mixing ratios significantly higher than 
6.5ppmv is questionable, even assuming all the methane has been oxidised. Version 
3 MLS water vapour measurements (see chapter 2) showed mixing ratios of up to 
7.25 ppmv over the poles in the upper stratosphere, which were clearly an over 
estimate. The version 4 measurements are at the borderline of respectiability in 
this respect. Any remaining inaccuracy does not mean the data are unusable in 
studies of meridional motion, as it is believed to be consistent over all latitudes 
(see chapter 2). 
The maximum at the centre of the Antarctic vortex in the middle stratosphere 
may be the result of previous rapid descent from the upper stratosphere and lower 
mesosphere, as modelled by Fisher et al. (1993). The maintenance of this maxi-
mum at the centre of the Antarctic vortex indicates the interior of the vortex is 
not completely mixed in the mid-stratosphere, and it may have significant inter-
nal structure. There is a significant meridional gradient in water vapour mixing 
ratio across the interior of the vortex at 740K and 840K. For this gradient to be 
preserved, the mixing timescales within the vortex, and between the vortex and 
mid-latitudes, must be longer than the timescale for diabatic descent for a signif- 
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icant time up to the period shown. The evolution of this feature over the yaw 
period is studied in chapter 5. 
Manney et al. (1994b) show that there is a strong gradient in diabatic descent 
across the Antarctic vortex in the middle stratosphere during the mid-winter pe-
riod they studied (1 June - 19 July 1992), with strongest descent occurring at 
the vortex centre. Descent is more evenly distributed across the vortex during 
the early spring period they studied (17 August - 5 October 1992). In the Arc-
tic vortex of 1992-1993 Manney et al. (1994b) show a fairly even distribution of 
diabatic descent in the mid-stratosphere in mid-winter (1 December 1992 - 25 
January 1993). During the course of the early spring period which they studied 
(12 February - 5 April 1993) the descent gradually becomes more concentrated at 
the vortex centre. The evidence of Manney et al. (1994b) therefore suggests that 
the structure inside the Antarctic vortex seen in figure 4-5a is a result of previous 
descent in the mid-winter period. The more even descent which Manney et al. 
(1994b) found inside the Arctic vortex in the middle stratosphere makes it unsur-
prising that there is little significant structure within it. The results of Manney et 
al. (1994b) appear to agree fairly well with the descent patterns observed in MLS 
water vapour mixing ratio in the mid-stratosphere. 
4.3.4 Comparison of individual days 
The physical structure of the vortex is illustrated by the plots in figure 4-7 which 
show (a) water vapour mixing ratio, and (b) PV, on the 740K surface on 15 August 
1992. This is the first day of the ten day period over which the plots shown in 
figure 4-5 are averaged. In figure 4-7a there is a reasonably concentric structure 
to the water vapour mixing ratio isopleths. There is a region containing mixing 
ratios of greater than 6.5ppmv concentrated mainly to the west and just north of 
the south pole. In figure 4-7b the area of minimum PV, less than -600 x 10-6  K 
kg m2 s 1 , is concentrated in a similar position to the maximum in water vapour 
mixing ratio. The coincidence of these two features is what produces the maximum 
mixing ratios at the vortex centre on equivalent latitude. This evidence reinforces 
the view that the meridional gradients across the Antarctic vortex in the middle 
stratosphere are due to a real and persistent structure within the vortex. 
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Figure 4-7: (a) MLS version 4 water vapour mixing ratio in the southern hemi-
sphere at 740K on 15 August 1992. The dashed circle shows the southerly limit of 
the MLS measurement range. (b) PV (10-6  K kg' m2 s') at 740K on 15 August 
1992. 
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Figure 4-8: (a) MLS version 4 water vapour mixing ratio in the northern hemi-
sphere at 740K on 15 February 1993. The dashed circle shows the northerly limit 
of the MLS measurement range. (b) PV (10-6  K kg' m2 s') at 740K on 15 
February 1993. 
Chapter 4. Interhemispheric Comparison of Stratospheric Water Vapour 	105 
There is no similar structure inside the Arctic vortices of 1992 and 1993, possibly 
because the Arctic vortex is not consistently centred over the region of minimum 
radiative heating. The Arctic vortex is also subject to more internal mixing by 
planetary waves (Manney et al., 1994b) which would tend to break up any possible 
structure inside the vortex. Figure 4-8 shows (a) water vapour mixing ratio and 
(b) PV, at 740K on 15 February 1993. There are no significant structures in the 
water vapour distribution inside the vortex on 15 February. There are some small 
blobs of greater than 6.00ppmv mixing ratio, but these are not persistent features 
and may be due to noise in the data. The small blobs are not associated with 
the regions of highest PV inside the vortex, which are betweenn 0 and 90°E just 
south of the pole. There is certainly no PV-correlated internal structure to the 
northern vortex in the mid-stratosphere on 15 February 1993. The 1993 vortex is 
the stronger and most stable of the two northern vortices studied here, and would 
therefore be the most likely to show internal structure on scales resolvable to MLS. 
In figure 4-6 there appear to be significant cores of high meridional PV gradient at 
the centres of the polar vortices. The maximum PV gradient at the vortex centre 
is higher in the two northern vortices, figures 4-6b and c, than in the southern 
vortex, figure 4-6a. The core of high PV gradients in the Antarctic vortex extends 
out to 80°S, whilst the cores in the northern vortices shown extend out only 
to 's-'  85°N. It is possible that the core of strong meridional PV gradients in the 
Antarctic vortex may be related to the structures in water vapour mixing ratio 
observed inside the Antarctic vortex in both the lower stratosphere and middle 
stratosphere. 
4.4 Summary and Conclusions 
4.4.1 The lower stratosphere 
Interhemispheric comparisons of MLS version 4 water vapour mixing ratio data are 
made for one southern hemisphere and two northern hemisphere periods during 
late-winter, using zonal means on equivalent latitude. The main purposes of this 
study are to discern patterns of mixing and descent in and around the polar 
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vortices, and to determine the influence of mixing across the vortex edge on mid-
latitude mixing ratios. 
To test the influence of vortex edge mixing on water vapour mixing ratios in mid-
latitude, the distributions of lower-stratospheric water vapour mixing ratio in the 
two hemispheres during late-winter are compared. This is the first time MLS water 
vapour mixing ratios have been used to test the "flowing processor" hypothesis 
of Tuck et al. (1993). Zonal means at 530K for one southern yaw period and 
two northern yaw periods are plotted against absolute equivalent latitude on a 
single set of axes. The periods studied are 11 - 24 August 1992 in the southern 
hemisphere and 15 - 24 February 1992 and 15 - 24 February 1993 in the northern 
hemisphere. 
In the southern hemisphere during late-winter and early-spring there is a region 
of significant dehydration inside the vortex in the lower stratosphere. This dehy-
drated region is enclosed by a region around the vortex edge with a local maximum 
in water vapour mixing ratio. This maximum is due to a ring of descent around 
the vortex edge predicted by previous modelling studies. In both northern hemi-
sphere periods the vortex contains high mixing ratios, and a strong meridional 
gradient in mixing ratio is resolved at the vortex edge. Mixing ratios in the trop-
ics show a strong annual signal associated with the tropical "tape recorder", which 
is modulated by the phase of the QBO. 
In mid-latitudes there is only a small difference between the zonal means for the 
southern hemisphere period and the northern hemisphere period of 1993. This 
indicates both northern and southern vortices are strongly contained, and the 
dehydrated air inside the Antarctic vortex does not get mixed into mid-latitudes 
at this level. This evidence lends new support to the view that the Antarctic 
vortex is not acting like a "flowing processor" during southern winter and spring. 
There is a consistent difference of '.'0.12ppmv between mid-latitude mixing ratios 
in the southern hemisphere and the northern hemisphere during the respective 
late-winters of 1992. The combined error of the two lines is r.0.09ppmv, so the 
difference is significant. The northern vortex of 1992 is known to be weaker than 
the northern vortex of 1993, so the difference in mid-latitudes is probably due 
to mixing of air of high mixing ratio out of the northern vortex. The source of 
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higher mixing ratios in the northern mid-latitudes of late-winter 1992 is tested by 
plotting the zonal mean of MLS version 4 ozone mixing ratios at 530K against 
equivalent latitude. 
In the lower stratosphere the northern vortex contains high ozone mixing ratios, 
and the tropical regions features low ozone mixing ratios. The chemical lifetime 
of ozone in the lower stratosphere is sufficiently long that it can be considered a 
reliable tracer outside the polar vortices. The mid-latitude mixing ratio for the 
northern hemisphere in 1992 is elevated compared to the southern hemisphere and 
northern hemisphere of 1993. This result confirms that the northern vortex is the 
source of air of high water vapour content mixing into northern mid-latitudes. 
Therefore, mixing of air out of the northern vortex can significantly influence 
mid-latitude mixing ratios in the northern hemisphere. 
There is a meridional gradient in water vapour mixing ratio across the dehydrated 
interior of the Antarctic vortex, which corresponds to a similar meridional gradi-
ent in MLS-measured temperatures across the interior of the vortex. This feature 
indicates the Antarctic vortex features some internal structure with relatively slow 
rates of large scale mixing. There are no similar gradients in water vapour mixing 
ratio or temperature across the Arctic vortex in the two years studied. The Arctic 
vortex is not subject to the dehydration processes which occur in the Antarctic 
vortex, so direct comparisons cannot be drawn, but there is no evidence for in-
ternal structure in Arctic vortex and it is probably more strongly mixed than the 
Antarctic vortex. 
4.4.2 Vertical structure 
In order to discern interhemispheric differences in descent and mixing throughout 
the vortices, contours of the zonal mean of version 4 water vapour mixing ratio 
are plotted against equivalent latitude for the one southern and two northern 
late-winter periods studied. General features apparent in these zonal mean plots 
include 
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• The upward branch of the Brewer-Dobson circulation in the tropics bounded 
by strong meridional gradients in the sub-tropics of the lower and middle 
stratosphere 
• A hygropause in the tropical lower stratosphere which varies seasonally in 
height 
• Well mixed regions in mid-latitudes where strong planetary-wave breaking 
is occurring 
• Zones of net downward displacement of water vapour isopleths in high lati-
tudes, due to descent inside the polar vortices 
• A maximum in water vapour mixing ratio in the high latitudes of the upper 
stratosphere 
• Mixing ratio gradients in the sub-tropics and mid-latitudes of the upper-
stratosphere in the northern hemisphere. 
There is a zone of strong dehydration in the lower stratospheric part of the Antarc-
tic vortex which interrupts the downward displacement of isopleths. At the edge of 
the Antarctic vortex in the lower stratosphere isopleths form a "u" shape, due to 
a combination of the dehydration and continuing strong descent in a ring around 
the vortex edge. 
There is a separate mixing ratio maximum at the centre of the vortex in the middle 
stratosphere, suggesting previous rapid descent from the upper-stratosphere and 
mesosphere. The existence of a meridional gradient in water vapour mixing ratio 
across the Antarctic vortex in the mid-stratosphere suggests timescales for mixing 
inside the Antarctic vortex in the middle stratosphere are longer than those for 
diabatic descent. There is no significant structure inside the late-winter Arctic 
vortices of 1992 and 1993 in the mid-stratosphere, and they appear well mixed. 
These results are the first satellite measurements of passive tracers to support the 
balloon measurements of Hoffman et al. (1991) which indicate there is significant 
structure inside the Antarctic vortex. They contradict the view of Vömel et al. 
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(1995), whose balloon measurements of the Antarctic vortex indicated its interior 
was well mixed. 
The evolution of the structure inside the Antarctic vortex in the mid-stratosphere 
during early spring is investigated in chapter 5. The greater variability of the 
Arctic vortex compared to the Antarctic vortex in the early springs of 1992 and 
1993 means its evolution over the yaw period is difficult to interpret. Because its 
position and shape is more variable, the UKMO PV and MLS mixing ratio data 
do not match as consistently as in the Antarctic vortex. Daily variations of the 
Arctic vortex in equivalent latitude are greater than any change which occurs over 
the duration of the two early spring yaw periods available. It is therefore more 
profitable to concentrate the study in chapter 5 on the evolution of the Antarctic 
vortex only. 
Chapter 5 
The evolution of the Antarctic vortex in 
spring 1992 
5.1 Introduction 
MLS covered all latitudes between 34 1 N and 800  S every day for a month during 
the early southern spring of 1992. This is probably the most important single 
yaw period in the MLS data set, because it is the only one in which there are 
simultaneous measurements of both water vapour and ozone during the period of 
maximum ozone depletion in the southern hemisphere. Using time series of MLS 
measurements the evolution of the water vapour and ozone distribution in the 
southern hemisphere over this period can be studied. 
This has already been done using single day plots at particular heights, Manney et 
al. (1993) and Santee et al. (1995) for example, and evolving zonal means at single 
heights, Manney et al. (1995a) for example. The zonal mean distribution averaged 
over the whole yaw period has also been frequently studied. However the changes 
in vertical distribution over the period have been less closely examined. Fishbein 
et al. (1993) used MLS temperature and ozone observations to show there were 
three minor sudden warmings in southern high latitudes during the 14 August - 
20 September period. These warmings produced peak temperatures at 5hPa on 
the 27 August, 5 September and 14 September. 
In a plot of zonal mean mixing ratio against height some details may be blurred 
and distorted if the vortex is not perfectly centred over the south pole. By plotting 
the MLS mixing ratio data on equivalent latitude (see section 3.5) the structure 
of the vortex can be emphasised. Averaging over a period of the order of 5 days 
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gives a relatively smooth distribution of mixing ratio with equivalent latitude, 
which can be used to interpret patterns of mixing, descent and dehydration. The 
southern yaw period has a duration of 38 days, and can therefore be divided into 
8 periods of approximately 5 days. Plotting averages of these 8 "mini-periods" 
alongside each other allow changes in the distribution of water vapour and ozone 
to be followed. 
5.2 The evolution of the distribution of water 
vapour mixing ratio in the spring vortex 
5.2.1 General description of water vapour distribution 
Figure 5-1 (a-h) shows the evolution of the vertical distribution of zonal mean 
water vapour mixing ratio from 14 August to 20 September 1992. The zonal 
means were calculated using version 4 of MLS water vapour mixing ratios. The 
retrieved mixing ratios were interpolated onto isentropic surfaces, and mapped 
onto equivalent latitude using PV calculated from UKMO assimilated wind data. 
Each plot shows the zonal mean in equivalent latitude averaged over a five day 
period, apart from 5-1 h, which was averaged over the last three days of the yaw 
period. 
The zonal means were calculated by averaging over equivalent latitude bins 2° 
wide at most latitudes. The number of measurements made at equivalent latitudes 
beyond around 84°S were relatively small. This is because this region of highest 
equivalent latitudes occupies a relatively small area, and also because the vortex 
centre is often sited south of 80°S, where MLS does not make observations. The 
two bins of 4° width were therefore used nearest the pole, i.e. 82° - 86° and 
The main changes which occur during this period occur inside the polar vortex or 
at the edge of the polar vortex. In the southern tropics and southern mid-latitudes 
the water vapour distribution is as described in the previous chapter, in reference 
to figure 4-5a. There is one significant change which occurs in the subtropics in 
the upper stratosphere, where the 6.00ppmv and 5.75ppmv isopleths move upward 
and southward between figures 5-la and h. This change is due to a combination 
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Figure 5-1: Zonal mean in water mixing ratio on equivalent latitude, MLS 
version 4. Averaged over : (a) 14-18 Aug.; (b) 19-23 Aug.; (c) 24-28 Aug.; (d) 29 
Aug. - 2 Sept. (e) 3-7 Sept.;(f) 8-12 Sept.;(g) 13-17 Sept.; (h) 18-20 Sept. 
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of the ongoing Brewer-Dobson circulation, and probable mixing of air from tropics 
into mid-latitudes by Rossby wave breaking events. The vortex related changes 
will be the main subject of the following discussions. 
5.2.2 Structure inside the vortex 
The southern polar vortex portrayed in figure 5-1a has the same features as por -
trayed in figure 4-5a, but in a slightly more exaggerated form. There is a strong 
maximum at the centre of the vortex at 740K and 840K in figure 5-1a. The feature 
of mixing ratios of more than 6.25ppmv extends above 960K at the vortex centre 
and out to near the vortex edge at 840K. Maximum mixing ratios are more than 
6.75ppmv at the centre of the vortex at 740K. There are meridional isentropic 
gradients in mixing ratio across the vortex at 740K, 840K and 960K. 
If the high mixing ratios at the centre of the vortex in the mid-stratosphere are 
real, they must be a result of previous descent from the upper-stratosphere and 
lower mesosphere. As discussed in chapter 4, the distribution of water vapour 
inside the vortex resembles results of modelling studies of rapid descent from the 
upper stratosphere and mesosphere made by Fisher et al. (1993). 
Figure 5-1a does not give the impression that strong diabatic descent was still 
occurring inside the southern vortex in the middle stratosphere during mid-August 
1992. The maximum in the centre of the vortex in the mid-stratosphere does not 
appear to be linked by a descent pattern to a reservoir of high water vapour mixing 
ratio in the upper stratosphere. The balloon measurements of water vapour in the 
southern vortex of Vömel et al. (1995) in 1994 showed strong descent continuing 
through August and into early September, although descent was fastest in late 
July. Therefore the possibility that descent could still have been strong in the 
southern vortex of mid - late August 1992 must still be considered. 
The maximum mixing ratios resolved at the centre of the vortex in the mid-
stratosphere suggest that the previous diabatic descent was strongest at the vortex 
centre. The isentropic gradient across the interior of the vortex means the vortex 
was not well mixed at this time. The timescales for mixing must have been longer 
than the timescale for diabatic descent. These results appear to show a vortex with 
strong internal structure, as opposed to a well mixed, evenly descending mass. 
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5.2.3 Evolution of vortex internal structure 
The changes in the structure inside the vortex in the middle stratosphere be-
tween figures 5-1a and b are fairly limited. There is a slight reduction in the 
vertical extent of the 6.25ppmv isopleth, which now reaches only just above the 
960K isentrope. The 6.75ppmv maximum at the centre of the vortex at 740K has 
disappeared. 
However, by figure 5-1c the size of the region inside the vortex in the middle 
stratosphere enclosed by the 6.25ppmv isopleth has drastically reduced. There 
is no longer a 6.5ppmv isopleth towards the centre of the vortex. It appears as 
though mixing has occurred across the vortex edge and inside the vortex at 740K 
and 840K. Vertical mixing is not a likely cause of this change, because wave activity 
inside the vortex is believed to be low. The meridional gradients in zonal mean 
mixing ratio across the vortex interior have reduced, and so has the net difference 
in average mixing ratio between vortex and mid-latitude air. 
In figure 5-1d the structure at the centre of the vortex in the middle stratosphere 
has completely disappeared, and the vortex appears well mixed. At 740K and 
840K typical vortex mixing ratios are now less than 6.25ppmv, so the net difference 
between vortex and mid-latitude mixing ratios has reduced still further. In the 
subsequent 5 day periods, the 6.00ppmv isopleth moves upward inside the vortex, 
indicating there is ongoing mixing across the vortex edge which is reducing mixing 
ratios inside the vortex. 
This mixing across the vortex edge may be obscuring possible ongoing descent. 
The slight downward bulge of the 5.75ppmv contour at the vortex edge near 655K 
in figure 5—le suggests significant descent is still occurring within the polar jet in 
the lower stratosphere, as found by Manney et al. (1995b) in studies of CH4 and 
N20 measured by the CLAES instrument on UARS. 
In the upper stratosphere in figure 5-1a there is a region where mixing ratio exceed 
6.25ppmv in mid-latitudes. Over the next three five day periods this air appears 
to be advected rapidly polewards. By figure 5—le the 6.25ppmv isopleth is almost 
completely contained within the vortex at 1450K. In figures 5-1f-h the bottom 
edge of the 6.25ppmv region appears to descend inside the vortex, while the upper 
edge remains at a fairly constant level. This could be interpreted as evidence 
of ongoing descent inside the vortex in the upper stratosphere, but may also be 
an example of non-conservation in MLS measured water vapour mixing ratio, as 
observed in version 3 MLS mixing ratios by Manney et al. (1995b). 
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5.2.4 Mixing across the vortex edge 
In addition to the changes in the pattern of mixing rates inside the vortex, another 
significant change occurred over the period of figure 5-1. When figures 5-1a and 
g are compared, it is apparent there has been a change in the net downward 
displacement of tracer isopleths inside the vortex. The net difference between 
vortex and mid-latitude mixing ratios at 840K and 740K gradually reduced during 
this period. 
The change in the net difference between mid-latitudes and the vortex was used to 
estimate a time constant for mixing across the vortex edge on several isentropes. 
It was assumed that descent was not strong during any part of the yaw period, and 
did not make a significant contribution to maintaining high mixing ratios inside 
the vortex. In fact, descent probably was still strong in mid August (Vömel et al., 
1995; Manney et al., 1994b), and possibly still significant in late August. Ongoing 
descent would appear to make mixing across the vortex edge lower than it actually 
was. The time constants estimated below are therefore upper bounds. 
The area-weighted average of mixing ratios between 62°S and 90°S (equivalent 
latitude) was used as a vortex-average mixing ratio. The area weighted average 
between 25°S and 62°S (equivalent latitude) was used as a mid-latitude-average 
mixing ratio. 62°S is the approximate equivalent latitude of the maximum merid-
ional PV gradients throughout most of the lower and middle stratosphere. The 
difference between average mid-latitude and vortex mixing ratios was calculated 
for each day of the southern spring yaw period, 14 August - 20 September 1992. 
D = Doe— '/" 	 (5.1) 
It was assumed that the erosion of this net difference took the form shown in 
equation 5.1, where D is the net difference, D0 is an initial value of the net 
difference, and 'r is the timescale for mixing across the vortex edge. A decay 
in the net difference of the form shown in equation 5.1 has the property that the 
natural logarithm of the net difference against time is a straight line. The gradient 
of the straight line is the reciprocal of the mixing timescale, T. A least squares fit 
to this gradient was used to give the values for 'r shown in table 5-1 for several 
isentropic surfaces. 
The upper bounds on the time constant for mixing across the vortex edge shown 
in table 5-1 indicate there is significant mixing across the vortex edge occurring 
